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Preface 


By any measure, the Large Hadron Collider is exceptional. 

When the LHC begins taking data in 2008, the world’s biggest experi- 
ment will be underway. The size of the undertaking is massive: thousands 
of scientists working at an accelerator nearly 30 km in circumference. The 
detectors responsible for recording the collisions have weights measured in 
the thousands of tons and are tens of meters on a side. The cost for this 
experiment is billions of dollars. Detector precision, data rates and storage, 
are all unprecedented. 

Why take on such a massive project? Why do particle physicists, cosmo- 
logists, and others around the world so eagerly anticipate these data? It is 
because this machine may point the way to answer some truly fundamental 
questions that have puzzled scientists for decades. 

Perhaps foremost among these questions is this: what lies beyond the 
Standard Model of particle physics? For while the Standard Model is a 
remarkable theory — it has thus far passed every test made at a particle 
accelerator — we know it must be incomplete. For example, it cannot 
account for the Dark Matter that we now know pervades out universe. It 
also provides several theoretical hints that it is not the whole story. The 
Standard Model’s approach to the breaking of electroweak symmetry is 
a single new particle, the Higgs boson. While economical, this approach 
appears at odds with the current understanding of naturalness in physics. 
The LHC should finally provide definitive evidence for the physics that is 
responsible for the breaking of the electroweak symmetry, whether it be a 
single Higgs boson, or something more elegant. 

The LHC will be the machine that leads us toward the fundamental 
theories that extend our knowledge beyond the Standard Model, and con- 
nects particle physics more strongly to cosmology. No amount of cosmology 
or astronomy can tell us what the dark matter actually is, or why the uni- 
verse is made of matter and not equal amounts of matter and antimatter, 
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but the LHC may give us the data needed to answer these questions. It may 
also help formulate and test string theory. It is a discovery machine. 

In this volume, we have tried to capture some of the excitement sur- 
rounding the impending LHC turn-on, the extraordinary detectors and 
experimental challenges, how the discoveries made there might unfold, and 
what they might mean for the future of particle physics. 


Gordon Kane and Aaron Pierce 
Ann Arbor, Michigan, April 2008 
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Chapter 1 


The LHC — A “Why” Machine and a 
Supersymmetry Factory 


Gordon Kane 


Michigan Center for Theoretical Physics 
University of Michigan, Ann Arbor, MI, 48109 


“Tt is as absurd to think about the origin of life 
as it is to think about the origin of matter.” 


Charles Darwin 


The Standard Model of particle physics, and the Standard Model of 
cosmology are remarkable and elegant achievements. They synthesize four 
centuries of steady progress in understanding our world. They successfully 
describe all the physical universe that we see, from the everyday world 
around us, to the smallest objects and largest ones, back to the beginning of 
the visible universe and out to its boundaries. Everything we see is formed 
from fundamental quarks and leptons that interact via the electromagnetic, 
weak, strong, and gravitational forces. The forms of the forces are deter- 
mined by symmetry and invariance principles. A few interaction strengths 
and quark and lepton masses are measured and input to the theory, and 
the rest can be calculated. 

As is well known, even with the great success of the Standard Models 
there is still much we would like to understand. The Standard Models tell 
us what is there and how it works to form our world, but it does not tell 
us why it is that way. We know that about a quarter of the universe is 
matter, and that about a fifth of the matter is made of quarks and leptons 
(and that the rest of the matter is not made of quarks and leptons), but we 
don’t know what form the rest of the matter takes. We know the universe 
is made almost entirely of matter and not antimatter even though it began 
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in a big bang with equal amounts of matter and antimatter, but we don’t 
know why. There is good evidence that the big bang was preceded by a 
period of rapid inflation of space-time, but we don’t know what the actual 
physical cause of that inflation was — it is called an “inflaton,” and many 
possible physical causes have been examined, but so far none is convincing. 
The Standard Model cannot provide these understandings — it is not that 
the Standard Model has not yet provided them, we know it cannot. 

While some information from cosmology can still constrain the answers 
to these basic questions, no amount of cosmology can answer these ques- 
tions. The CERN Large Hadron Collider (LHC) is a new tool that could 
provide, through its discoveries, what is needed to construct a more com- 
prehensive theory that leads to the answers to these questions and many 
others. 

More concretely, the LHC will extend testing of the Standard Model, 
but that is not why we are excited about it. The Standard Model includes 
Higgs physics that allows the quarks and leptons and the W and Z bosons 
that mediate the weak force to have mass, but it does not tell us the origins 
of the Higgs field (of which the Higgs bosons are quanta) and how it works, 
nor the amounts of mass the particles have. From LEP and Fermilab data 
there is strong indirect evidence that Higgs bosons do exist. If so, LHC will 
allow us to detect them. That’s exciting. 

Similarly, there is strong indirect evidence that nature has a symmetry, 
called supersymmetry. Quantum theory taught us that there are two kinds 
of particles, called fermions and bosons. For example, the matter particles 


(electrons and quarks) are fermions, while the particles whose exchange me- 
diates the forces (photon, gluons, W and Z bosons) are bosons. Our present 
description of particles and their interactions that shape our world treats 
the fermions and bosons very differently. Supersymmetry is the surprising 
idea that the fundamental theory actually treats fermions and bosons in 
a fully symmetric way — if you interchange them in the basic equations 
the resulting theory looks just like what you started with. One of its im- 
plications is that every particle has a “superpartner,” and that makes the 
theory very testable. If nature is indeed supersymmetric in a way that 
helps answer the above questions, the superpartners must exist, and some 
of them can be detected at LHC. There is very strong indirect evidence 
for superpartners. If the evidence is not misleading coincidences, signals 
from superpartners should emerge early at LHC. Our space dimensions are 
bosonic ones in the sense of quantum theory. Supersymmetry also can be 
formulated by having every space dimension have an associated fermionic 
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dimension. If we collide particles with enough energy we can knock particles 
into the fermionic dimension and produce their superpartners. That’s why 
LHC is so important. 

If supersymmetry indeed provides the explanation for some of what the 
Standard Model does not explain, it also implies a rather light Higgs boson 
exists (one consistent with the indirect evidence for Higgs bosons), and 
that is another important test. Finding Higgs bosons at LHC is challenging 
for technical reasons (as is described in other chapters) but detecting the 
basic signals of the superpartners is likely to be easier since they produce 
a number of possible effects that can be distinguished from the Standard 
Model particles. Once the superpartners and the Higgs bosons are observed, 
their properties will help point the way to the form of the underlying theory 
and to how it answers the questions of the matter asymmetry and the dark 
matter and the identity of the inflaton, and much more. 

If supersymmetry indeed is part of the correct description of nature 
at LHC energies there is another remarkable bonus. The supersymmetric 
theory can be extrapolated to near the Planck scale, so string theories can 
be written at their naive natural scale and then their predictions for LHC 
energies can be calculated. Or conversely, data from LHC and associated 
experiments can be extrapolated to study its implications for string scale 
physics. We can systematically study physics at 10733 cm, or 101° GeV, or 
1074? seconds. 


1.1. A “Why” Machine 


The Standard Model describes what we see very well. It tells us how things 
work. In my view arguably the main result that has been learned in the 
past two decades in particle physics and cosmology is that in order to 
understand nature at the most fundamental level, and to go beyond the 
descriptive level, the underlying theory must be formulated in more than 
three space dimensions. String theory requires for consistency that we live 
in extra space dimensions, probably wrapped up in a tiny volume of each of 
our three dimensional space-time points. When we project that world into 
our three space dimensions there are implications for forces and particles 
and cosmology. All the questions that are not answered by the Standard 
Model are at least addressed by string theory. The data from the LHC 
may allow us to connect the string theories to the additional questions they 
address, and to test whether the questions are indeed answered. 
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An optimist can make a defendable argument that the data from LHC 
and other experiments underway could be sufficient to allow us to point to 
and test string theories, and answer many of the unanswered questions in 
such a comprehensive theory. Thus I view the LHC as a “why” machine, 
one that may lead us to a much greater understanding of why the main 
things we want to understand about the world are the way they are. 

Today everything we know is consistent with an elegant simple pic- 
ture of the laws of nature. There is an encompassing underlying eleven 
dimensional M-theory that describes nature at short distances of order the 
Planck scale. It has solutions with six- or seven-dimensional small subman- 
ifolds. Three space dimensions inflate and grow to become our three space 
dimensions. At the Planck scale there are no particles or forces, but as 
distances increase families of quarks and leptons emerge, and the familiar 
forces emerge and appear to act differently. At the short distances nature 
is supersymmetric, and at larger distances, lower energies, the form the 
interactions take depends on how the supersymmetry is broken. Although 
we have some clues today about how supersymmetry is broken, from the 
absence of various rare decays and from the fact the electroweak symmetry 
is broken so that quarks and leptons and W’s can have mass, we will learn 
much more from the existence of the superpartners themselves and their 
properties. That knowledge, combined with an increasing understanding 
of the theory and with clues from cosmology such as the amount of dark 
matter, the fact the universe is matter and not antimatter, and proper- 
ties of inflation encoded in the large scale structure, could provide enough 
information and hints to allow clever physicists to guess the form of the 
underlying higher dimensional theory. 

Then the theory will suggest additional tests and correlations among 
different phenomena, and as has always happened historically there will be 
great progress in understanding. What will be different this time is that 
the theory will address and provide answers to all the questions we have 
asked about the natural universe and the law(s) of nature. While some 
may see this framework as wishful speculation, there is today no reason to 
reject such a simple outcome, and much to support it. We should not give 
it up until we have to. 

Of course the results from LHC and a few related experiments may turn 
out not be enough to lead to the underlying theory. Other facilities such as 
upgrades of the LHC, and/or a linear collider may be necessary, and data 
from them would certainly make it easier to get to the primary theory. I 
like the name “primary theory” because it suggests a ladder of effective 
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theories. Define an effective theory as one in which some quantities (such 
as quark masses and force strengths) and some principles (such as the rules 
of quantum theory) are input. The Standard Model of particle physics, and 
even the supersymmetric Standard Model, are effective theories. The pri- 
mary theory is not, in that all the needed quantities and principles emerge 
from one underlying theory. 

When I present such arguments most listeners are not immediately con- 
vinced. Of course they should not be — there are many alternative ap- 
proaches to the simple world view, and many different ways the universe 
and the laws of nature could work. These should be studied, at the very 
least to learn why they don’t work. LHC and related data will allow tests 
and distinctions. One often heard rebuttal is that historically each step 
forward has led to more puzzles, so that will not change. There are at least 
two encouraging rejoinders to this argument. The quest for understanding 
the laws of nature and the origin of the universe resembles the exploration 
of the surface of the earth. It went on for many centuries, but then one day 
it was over, or will soon be over. There were answers, and they were found. 
It is reasonable to argue the same thing will happen in our quest. There 
is nothing special about our time — after many centuries finally today all 
the major questions about the physical universe are being addressed as re- 
search questions (rather than philosophical ones). Once they are addressed 
as research questions usually they are answered within a few decades. The 
LHC may be the last major expedition needed. 

Second, the Standard Model emerged in a similar way. In the late 
1960s everyone felt the situation was chaotic and frustrating. Many paths 
were pursued. Some crucial data was known, such as parity violation, the 
hadron spectrum, deep inelastic scattering rates and scaling, pion and beta 
decay, but no coherent picture. The theory had opportunities but was 
puzzling. Then within a few years everything fell into place for both theory 
and experiment. It is certainly defendable that we are in a similar era. 
Some exciting approaches are right and others are not. Data will point 
toward some approaches and not toward others, but these are not simple 
yes-no tests. Rather the relevant theorists vote with their choice of what to 
pursue. 


1.2. A Superpartner Factory 


For the simple world view described above to be right and fruitful it is 
essential that the description of nature includes low scale supersymmetry. 
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Why do we expect that? There are several motivations for a supersymmet- 
ric extension of the Standard Model to be the actual description of nature 
at the energies where we do experiments. While these reasons have mostly 
been known since the 1980s I have often found that not only more general 
readers, but also many younger physicists, and many experimenters, and 
many string theorists, have not had much exposure to them, so I repeat 
them here in some detail. 


e Supersymmetry allows the theory to have two stable but widely 
separated mass scales, which would in general not be possible in 
a quantum theory — the infamous so-called “hierarchy problem.” 
These are the scale of the weak interactions, of order 100 GeV, and 
the natural scale of a fundamental theory of the forces, the Planck 
scale where gravitational interactions are of the same order as the 
other forces. Supersymmetry alone does not tell us the numerical 
value of the weak scale, but it stabilizes it if some superpartners 
are about the same mass as the weak scale. 

e The electroweak symmetry is broken, by the Higgs mechanism, to 
accommodate the quark and lepton and gauge boson masses. In 
the Standard Model this breaking is imposed in an ad hoc way, but 
in the supersymmetric extension the breaking of the electroweak 
symmetry emerges from the theory. Further, it only does so if the 
supersymmetry is also a broken symmetry, so at a deeper level the 
two breakings are related and not two separate ones. 

e In a quantum theory the effects of a force can be extrapolated to 
any energy, so the effects of the forces can be examined at higher 
and higher energies. They become more and more similar, encour- 
aging the view that our understanding of the forces can be unified 
into one deeper understanding In the Standard Model they become 
similar but far from equal at any energy, while in the supersym- 
metric extension they become equal within a few per cent at about 
2 x 1016 GeV. A further extrapolation to the Planck scale near 
10/9 GeV is quite plausible (and can be studied in any specific 
theory). The jargon for this is “gauge coupling unification” be- 
cause the strengths of the separate forces are determined by the 
gauge theory couplings. 

e It has been known for over two decades that the dark matter of 
the universe can be accounted for if a stable particle exists with a 
mass of order the weak scale, 100 GeV or so, and can annihilate 
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with itself with a cross section of typical weak interaction strength. 
Generically the lightest of the superpartners (the “LSP”) is such 
a particle. Both Standard Model particles and superpartners are 
produced in the Big Bang. After a while all the particles have 
decayed but photons, neutrinos, electrons, up and down quarks, 
and the LSP. The amount of energy density supplied by the LSP is 
typically about right to account for the actual dark matter. Indeed, 
before it was known that dark matter not made of normal matter 
actually formed most of the dark matter it was predicted that the 
LSP would provide such dark matter. 

In the Standard Model it is not possible to explain why the universe 
is matter rather than equal amounts of matter and antimatter. In 
the supersymmetric extension there are actually several ways to 
explain this. Each has tests, and the LHC can provide crucial 
information for some of the tests. 

The LEP collider at CERN taught us four major qualitative re- 
sults. One is that the number of families with light neutrinos is 
three. Second is the values of the force strengths to high accu- 
racy so they could be extrapolated to high energies and be seen 
to unify in the supersymmetric extension of the Standard Model 
as described above. Third, LEP measured accurately some 20 in- 
dependent properties of the Z boson and its decays, all of which 
were predicted by the Standard Model. The Standard Model pre- 
dictions depended on only one unmeasured parameter, the mass 
of the Higgs boson. A good fit to all the data could be found if 
the Higgs boson mass were less than about 165 GeV, implying the 
Higgs boson existed with a mass in that range. Higgs bosons occur 
naturally in supersymmetric theories, and in general there is an up- 
per limit of about twice the Z boson mass, about 180 GeV, on the 
mass of the lightest Higgs boson in supersymmetric theories that 
stay perturbative to the unification scale. Thus this LEP result is 
consistent with the supersymmetry prediction. That experimen- 
tal result is reinforced by the logically independent result that the 
range of Higgs masses giving the measured W and top quark masses 
(adding Fermilab data) also has an upper limit of about the same 
value as the LEP fit. 

The fourth LEP result is that no measurement deviated signifi- 
cantly from the Standard Model prediction. That is natural in 
a supersymmetric world where the superpartners are either light 
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enough to be produced directly, or only enter in loops and there- 
fore affect observables at most of order a part in a thousand. All 
alternative models would naturally have strong interactions at the 
TeV scale and would typically give significantly larger deviations 
from the Standard Model. The alternative models can be adjusted 
and tuned to not disagree with the data, but before the data one 
would have expected larger effects. 

e All the above successes occur simultaneously. Often models can 
explain one thing but then they get into problems with another. 
Further, the supersymmetry theory existed (since the mid-1970s) 
before any of the listed successes. It was not invented to fit or ex- 
plain any of them. They were recognized as the theory was studied, 
from about 1980 through the early 1990s. 


Thus the motivation for finding that supersymmetry is a part of our 
description of nature at the TeV scale is very strong. If that is indeed 
so, then at least some of the superpartners must not be too heavy, and 
will be produced at LHC. In order to retain the above listed successes 
probably the partners of the gauge bosons and Higgs (“gauginos” ) must be 
at or below about a TeV. The production rates of these particles depend 
on their masses, which are not yet calculable from what is known about 
the theory, but the rate for gluinos has a sizable minimum value from the 
QCD coupling to gluons. For example, a gluino of mass 750 GeV will give 
about 500 events in the first 100 pb~! of integrated luminosity. If the initial 
running goes as expected that amount of data could be taken in a few weeks 
or less. That number of events is sufficient to recognize a signal for new 
physics, and probably even to allow some initial tests that gluinos have spin 
1/2 as predicted, and other tests that what is seen is indeed supersymmetry. 
After a couple of years and the higher luminosities expected there will be 
tens of thousands of gluinos. They will decay into other superpartners, and 
other superpartners will be produced in additional ways, and all can be 
studied. 

The above arguments that supersymmetry must exist at the weak scale 
are based on indirect evidence, and are not compelling for some people. 
There are also a few worrisome isssues that could be of concern. They can 
be summarized by saying that the Z boson mass is too small, the Higgs 
boson mass is too large, and third that flavor mixing effects should already 
have been seen. The Z mass seems too small because the theory explains 
it in terms of superpartner masses, and the relevant superpartner masses 
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seem to be at least a few times the Z mass, so one is calculating a small 
number in terms of several that are noticably larger. Effectively one is 
invoking cancellations to get the small answer, and that usually is not a 
good thing. The Higgs boson mass is too large in the sense that there is 
a lower limit on it from data under most conditions, and that lower limit 
is uncomfortably large in many concrete theories; it should already have 
been observed. There are a number of ways around this concern, but some 
require somewhat special circumstances. The third says if one thinks of 
supersymmetry as a low scale theory then it would be typical for flavor 
mixing to occur, so decays such as u — e + y should occur and so far 
they do not. For me and many other theorists these are interesting puzzles 
(puzzles of course are meant to be solved) but not nearly as negative as the 
successes are positive. The first concern, that the smallness of the Z mass 
needs explaining, is the most significant issue. 


1.3. Our String Vacuum 


Although I and many of us have great affection for superpartners, we value 
them not for themselves but for what they can tell us about our world, and 
about the “why” questions described above. Presumably we live in a string 
theory vacuum (including M theory — I don’t distinguish here). I expect 
string theory to be the relevant approach not because it is a quantum the- 
ory of gravity, but because it can address all the “why” questions. We want 
to understand the properties of our vacuum qualitatively at least, includ- 
ing the hierarchy between the weak interaction scale and the Planck scale, 
the origin of supersymmetry and its breaking, the origin of the electroweak 
symmetry breaking and the Higgs mechanism and their connection to the 
supersymmetry breaking, the origin and value of the puzzling “u parame- 
ter,” parity violation, CP violation (interestingly, parity and CP violation 
seem to have very different proximate origins in string theory, the first in 
the presence of chiral representations and the second in complex phases), 
the origins of quarks and leptons and their mass hierarchies, the origins 
of the forces, what the dark matter is and how much there is, the matter 
asymmetry, the physical origin of inflation, and perhaps more. We also 
want to understand how inevitable these properties are, and their unique- 
ness. There may be many solutions of string theory that are acceptable 
vacua, and led by data and the connection via supersymmetry to the natu- 
ral scales of string theory we may be able to learn about our string vacuum 
and test such ideas with its predictions. 
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Learning all of this from hadron collider data will not be simple. But 
what is observed at LHC will depend on the properties of the LSP that is the 
dark matter, and on the form the extra dimensions take, and other aspects 
of the underlying theory. Study of the footprints of different theories on 
plots of observable signatures may allow us to systematically comprehend 
the essential features of the underlying theory. 

The connection of the LHC and its implications to dark energy is less 
clear, but once there is insight about our vacuum there may be progress 
in that direction too. Personally I don’t think the dark energy is the most 
important problem in physics. I expect we will first learn about the under- 
lying theory from clues provided by the LHC, and then see how the dark 
energy arises in that theory. It will not be surprising, I think, if the dark 
energy is explained from less naive use of quantum theory than we presently 
use in describing the vacuum, and if the dark energy explanation has little 
impact on the other important physics questions. 


1.4. After the Champagne 


The first challenge will be to establish that a signal of new physics is present. 
That will be done by the experimenters, based on our understanding of the 
Standard Model. 

Then two challenges/opportunities are paramount. First we need to 
establish that what is seen is indeed supersymmetry or not. I think that 
will not be difficult. If production of gluinos and/or squarks is large, it 
will be fairly easy to establish their spins are the needed ones for partners 
of the Standard Model particles. Additional characteristic signatures and 
related channels are likely to occur, such as same sign dileptons that arise 
from the Majorana gauginos, or events with extra missing energy or with 
larger numbers of jets and/or charged leptons. 

The second is to learn about the dark matter of the universe (see Aaron 
Pierce’s chapter). If the LSP is escaping the detectors we can study it, 
e.g. get information about it mass and determine in what channels it is 
produced. That may tell us about the main things we need to know to 
calculate the associated relic density, and perhaps even to learn about the 
cosmological history of the universe. 

Then as data accumulates we will begin to relate what is observed to the 
underlying theory. If supersymmetry is indeed seen and studied at the LHC 
it effectively changes the limits of science, and lets us turn from speculation 
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about the ultimate laws of nature to systematic study of those laws at the 
shortest distances. Progress may be rapid in that quest too. 


The LHC and its results have been anticipated for a long time, 
“Many shall run to and fro, and knowledge shall be increased,” 


Book of Daniel 12:4 
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The majority of the universe is composed of some exotic substance, pre- 
sumably an unknown particle. There are strong indications that this 
new particle may be produced at the LHC. We review how we came 
to believe that the universe was mostly of unknown composition, and 
discuss a few candidates for the identity of the mysterious Dark Matter. 


2.1. Introduction 


Of what is the universe made? Perhaps there is no more basic question 
that fundamental physics might wish to address. We can confidently state 
that we do not know the answer to this question. This state of affairs is 
possibly unique in human history. Over two thousand years ago, Empedo- 
cles declared that all is made of Earth, Air, Fire and Water. Similar claims 
were made in Chinese and Indian texts of the same era. 

The confident (and incorrect) answer has gone through many iterations 
since. Particle physicists from the middle of the twentieth century might 
have felt secure in their knowledge that the vast majority of the universe 
was comprised of protons and neutrons. 

Today the situation is different. We are no longer confident that we 
know what comprises the universe. Rather, we are assured in our ignorance. 
How did we come to this state? 


2.2. Weighing the Universe, or Why Expect Dark Matter? 


As early as 1933, Fritz Zwicky made observations of the Coma Cluster that 
indicated the possible presence of Dark Matter [1]. Zwicky realized that 
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the numerous galaxies that made their home in the cluster were moving too 
fast. The gravitational pull of the luminous matter present in the cluster 
was insufficient to balance the outward “centrifugal force” of the matter. 
Without a dark component, the cluster would pull itself apart. 

We now know that a similar conundrum exists when the rotation of in- 
dividual galaxies is considered. The rotation speeds of galaxies themselves 
can be determined as a function of radius by making red shift measure- 
ments, and taking advantage of the optical Doppler effect. Newton’s law of 
gravitation indicates the rate of rotation depends on the enclosed mass. If 
luminous matter were the whole story, then the rotational speeds of galaxies 
should begin to fall off with radius beyond the bright core as u(r) ~ r7!/?. 
This is not what is observed — rotation curves remain stubbornly constant 
at radii far exceeding the luminous core, indicating a dark component of 
mass. This evidence supports the notion that galaxies posess a halo of Dark 
Matter. 

Both of the above arguments rely on simple kinematics. Velocity mea- 
surements, coupled with an understanding of the gravitational force, results 
in amass measurement. Arguments with this flavor still have a place in the 
determination of the amount of Dark Matter in our universe. But to say 
how much Dark Matter the entire universe contains, one has to go beyond 
the statement that a given galaxy has a non-luminous component. The 
key is to make sure that the region of space to which one are applies the 
kinematic argument represents a fair sample of the universe as a whole. It 
is thus advantageous to sample as large a region as possible. Remarkably, 
these measurements are consistent with a host of others that all indicate 
the need for exotic Dark Matter. We now turn to these alternative mea- 
surements. 

The most precise determinations of the Dark Matter abundance now 
come from exquisite measurements of the Cosmic Microwave Background 
Radiation (CMBR). This radiation, left over from the Big Bang, provides 
a wealth of information about cosmological parameters. In 1989 the COBE 
satellite made measurements that indicated the universe is a black body 
to very high accuracy. This feat resulted in the Nobel Prize in physics in 
2006. This strongly suppors the hypothesis that the universe expanded 
from a hot, dense medium. Shockingly, this experiment is considered a 
gross measurement by today’s standards. More recent experiments, both 
satellite and balloon borne, have measured the deviations from the pure 
black body spectrum. These hot and cold spots, present at the 10~° level, 
were imprinted in the very early universe, as quantum fluctuations from 
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an inflationary epoch. But before the fluctuations reach our experiments, 
they are processed by the intervening physics (in both space and time). 
This processing depends in detail on the underlying cosmological parame- 
ters — in particular, the amount of Dark Matter. As the amount of Dark 
Matter changes, both the observed strengthand the angular size of these 
flucutations change. By fitting to these paramters, one can extracts an 
Qpmh? = 0.106 + 0.008. Importantly, these same experiments provide a 
sensitive probe of the combined mass of baryons (ordinary protons and neu- 
trons). Here, they find Qraryonh? = 0.02237) -000". Thus, one finds that the 


Universe has nearly six times as much Dark Matter as ordinary matter. 

It is important to emphasize that multiple independent measurements 
have been made of both the Dark Matter and baryon densities. They are 
all consistent. 

As an example, the density of baryons can independently be measured 
by considering the primordial abundances of the light elements. In the 
crucible of the hot Big Bang, Deuterium, Helium and Lithium can all be 
synthesized. The relative abundances depends on well understood, Stan- 
dard Model physics (for example, nuclear cross sections) and the density of 
baryons in the universe. So, a measurement of these light element abun- 
dances can be converted into a measurement of the baryon density.* These 
measurements imply a baryon density 0.017 < (Uabyonhe < 0.024, consis- 
tent with the above [5]. 

Another class of measurement takes the measured fluctuations from 
the CMBR, and asks whether these fluctuations could grow into the large 
scale structure (galaxies and clusters) that we observe today. The tiny 
fluctuations grow simply based on gravitational clumping. The type of 
structure that forms, unsurprisingly, depends on the amount and type of 
material that is clumping. Current simulations indicate that a universe 
with a substantial Dark Matter component is consistent with observations. 
A universe without this Dark Matter grows insufficient structure. 

Weak lensing represents another way to measure the Dark Matter 
directly. Arthur Eddington’s expedition of 1919, confirmed Einstein’s pre- 
diction that gravity bends light by observing starlight bent by the sun dur- 
ing an eclipse. This lensing phenomenon implies that any localization of 


aIt should be said that measuring the primordial abundance of these elements is non- 
trivial. One cannot simply measure the amount of deuterium in the universe today. After 
all, one would expect substantial processing to take place in stars, converting these light 
elements to heavier ones. The trick is to look in regions of low metallicity, a tracer for 
stellar activity. 
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matter can be observed by the way that it distorts the background sources 
of light. The effects of Dark Matter have now been observed in this way, 
see, e.g., [6]. 

The key point to take away from this discussion is that there are several 
measurements of the amount of Dark Matter, using different techniques, 
and they all agree. The fact that all the measurements are consistent lends 
credence to the hypothesis that the new physics involved is, in fact, Dark 
Matter, and not, e.g., a modification of the force of gravity. 

Recently, a striking observation of the Bullet cluster further buttressed 
the interpretation of the above measurements as Dark Matter. In 2006, lens- 
ing observations were made of two clusters of galaxies that had relatively 
recently passed through one another [7]. Observations were simultaneously 
made of the gas that makes up the majority of the visible matter. The 
collision caused this Dark Matter to be displaced from the visible gas. The 
result is a system (unlike our own galaxy) where the Dark Matter is no 
longer co-centered with the visible matter. Precisely because the gravita- 
tional effects induced by the Dark Matter do not physically overlap with 
the visible matter, the measurements of this system are difficult to reconcile 
with ordinary matter interacting with a modified gravitational law. 


2.3. What is the Dark Matter? 


It now seems clear that there is Dark Matter. We can point to its effects 
in a myriad of astrophysical and cosmological settings. We can quantify 
how much there is with an impressive accuracy. Yet, at present, its identity 
remains a complete mystery. 

What we can say with certainty is that the Dark Matter is not — a 
particle that we already know about in the Standard Model. As discussed 
in the previous section, we know the the Dark Matter is not made up 
of baryons, and thus cannot be non-luminous dust or “Jupiters.” The 
remaining possibility for a Dark Matter candidate within the Standard 
Model was the neutrino. After all, it is electrically neutral, and we know 
that it exists. However, the neutrino is too light to function effectively as 
the Dark Matter of the universe. Were it present in the relic abundance 
indicated by the experiments of the previous section, it would wash out 
structures on small scales. 

So, we must move beyond the Standard Model. But to where? At 
present, there are many candidates for the Dark Matter. Part of the mission 
of the Large Hadron Collider is the illumination of the identity of which of 
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these candidates is realized in nature. Astrophysics has told us that there 
is Dark Matter. Particle physics holds the hope of telling us what that 
Dark Matter is. 

Typically, Dark Matter candidates have been recognized in the follow- 
ing indirect way. A theory of new physics beyond the Standard Model is 
constructed to solve some other problem, often the gauge hierarchy problem 
(see, e.g., [4] for a discussion of this issue). Typically this theory predicts a 
panoply of new particles beyond those already known. Often one of these 
particles can be recognized as a viable candidate for the Dark Matter, which 
is viewed as a “check mark” — a piece of corroborating circumstantial evi- 
dence for the validity of the theory. This is consistent with the overall 
reductionist drive of particle physics (some might call it Occam’s razor). 
If there are multiple problems that need solving, nature should choose the 
most economical solution, thus a theory that can solve multiple problems 
is favored. 

Of course, there is another approach: nature may have chosen a particle 
that gives the right properties for the Dark Matter, without connecting 
the Dark Matter to any other problems in particle physics. In this case, 
aesthetic considerations would argue that the Dark Matter sector should 
be minimal — perhaps the Dark Matter particle and nothing else. After 
all, if the Dark sector is not doing anything besides providing Dark matter, 
shouldn’t nature have chosen a simple and elegant way of realizing the Dark 
Matter? 

In either case, it appears that it is likely that the Dark Matter will 
be found near the weak scale. The argument is an old one, implicit in, 
e.g., [8]. If we assume that the Dark Matter was in thermal equilibrium 
with all other species following the Big Bang, we can calculate the amount 
that is remaining as a “thermal relic” by balancing the expansion rate of 
the universe against the tendency of the Dark Matter to self-annihilate 
into ordinary matter. When the rate of expansion is too large, the Dark 
Matter is no longer able to find other Dark Matter with which it might 
annihilate. At this point, the amount of Dark Matter freezes out and 
annihilations become unimportant. Then the amount of Dark Matter is 
essentially determined. To an reasonable approximation, the equation that 
summarizes this fight between expansion and annihilation is: 


(el 
Qpuh? = C= — (2.1) 
Må (ov) 
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where the C is constant that is known and caculable in terms of quantities 
like, e.g., the number of species of light particles at the freezeout. To is the 
current CMBR temperature and Mp is the Planck mass. As the thermally 
averaged cross section, (ov), increases, the amount of annihilation increases, 
and the residual amount of Dark Matter decreases. 

To be consistent with the measured amount of Dark Matter, Qpmh? = 
0.106 + 0.008, the thermally averaged cross section must be (av) ~ 1 pb. 
One can find the approximate value of the mass scale associated with the 
annihilation by equating 


a2 


(ov) & 


(2.2) 


m2" 
One then finds an m ~ 100 GeV. The quantities of Eq. (2.1) are related 
related to the expansion of the universe (e.g. Mp) and the current energy 
density in radiation. It is striking that these should conspire to should 
generate a scale of 100 GeV, already known to be an interesting scale for 
particle physics. It is possible that the scale generated via Eqs. (2.1), (2.2), 
could have been an entirely novel scale. The fact that it coincides with the 
weak scale is striking! Dark Matter may be associated with the physics 
responsible for electroweak symmetry breaking. 


2.4. A Test Case: Supersymmetric Dark Matter 


Supersymmetric theories (for reviews see [2], note also [3] in this volume), 
are the leading theory for new physics beyond the Standard Model at the 
weak scale. They posit a doubling of all known particles — every observed 
particle should have a doppleganger particle waiting to be observed at the 
LHC. If one writes down a (too) simple supersymmetric theory, one finds 
that the proton would decay in a fraction of a second, not to mention con- 
flict with a cornucopia of experiments that look for rare flavor changing 
decays. While it is possible to adjust the parameters of this theory to agree 
with the constraints above, there is a more economical approach. The sim- 
ple addition to the theory of a discrete symmetry solves, in a single stroke, 
all these problems, and simultaneously makes the lightest superpartner ab- 
solutely stable. So, unlike all the other superpartners created in the thermal 
bath of the Big Bang, the lightest one has not decayed away. 

So, what is the identity of the lightest supersymmetric particle (LSP)? 
Since is is “dark”, it must be electrically neutral. This means that it is the 
partner to an uncharged particle of the Standard Model. Essentially, this 
leaves three options. First, the particle can be the partner to the neutrino. 
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In its simplest incarnation, this possibility is now excluded by underground 
“direct-detection” experiments designed to look for Dark Matter by observ- 
ing it bouncing off of nuclei. Second, it can be the partner to the graviton. 
This possibility has been a subject of renewed study of late [11, 12], and is 
certainly viable.’ Thus, we focus on the third logical possibility: the Dark 
Matter as partner to an admixture of the neutral particles that mediate the 
forces of the Standard Model (photons, Z bosons, Higgs boson). This mixed 
particle is known as a neutralino. There is a certain poetry to the possibility 
that the “dark” matter may well be composed of the doppleganger to light. 


2.4.1. Neutralinos at the LHC 


The relic abundance of the neutralino depends on its precise identity. In 
many theories, the particle is approximately a bino, the superpartner of 
the U(1)y hypercharge gauge boson of the Standard Model. The bino does 
not interact via gauge interactions. Thus, if gauge interactions were the 
entire story, a pure bino would not annihilate, and too much Dark Matter 
would remain. Fortunately, gauge interactions are not the whole story. For 
example, if there is a superpartner of one of the quarks or leptons squark 
that is sufficiently light, interactions of these partners with the bino can 
effectively reduce the abundance in the early universe. (see, e.g., [9] for a 
review of these possibilities and their phenomenology). 

If the Dark Matter is predominantly Higgsino or wino in character, 
then it annihilates very effectively via gauge interactions to gauge bosons. 
There is a danger that too little Dark Matter would remain. Thus, by 
dialing the mixture of bino and wino/Higgsino, one can get a LSP that 
correct reproduces the Dark Matter relic abundance. This notion of a well- 
tempered neutralino was recently discussed in [10]. 

How does the LSP look at the LHC? Dark Matter escapes the LHC de- 
tectors as missing energy. The moment that an excess of events are observed 
with missing energy, it will be natural to assume that the Dark Matter has 
been found. After all, an invisible (i.e. dark) particle will have been found 
near the scale predicted by Eq. (2.1). However, to conclude that the particle 
(un)observed at the LHC is actually the Dark Matter will require substan- 
tially more work. The hope to determine the identity of the Dark Matter 
bIn this case, the argument for the correct relic abundance is slightly less direct. The relic 
abundance is “inherited” from the next to lightest supersymmetric particle (NLSP). The 
NLSP can have the correct thermal abundance a la Eq. (2.1). As long as the gravitino and 


the NLSP have nearly the same mass, the gravitino will have the correct relic abundance, 
too. 
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does not rest on observation of events with Dark Matter particles alone. 
Instead, one should analyze the full suite of supersymmetric events at the 
the LHC. Often these events can be long cascade chains — information 
about the masses and couplings of the particles in the decays will be vital 
in determining that the new particles are remnants of a supersymmetric 
theory (and not some other new physics). 

Once it is relatively clear that the new physics is supersymmetry, there 
is still the task of identifying the LSP. Determining whether the LSP is 
a well-tempered mixture or a bino annihilating with the help of a light 
sparticle will be a challenge, though certainly not impossible, at least at 
the qualitative level. For example, the discovery of a light stau or a light 
stop would be a strong indication that they are important for setting the 
observed Dark Matter relic abundance. Detailed quantitative statements 
are more difficult at the LHC, the recent review of [9] discusses some of the 
challenges of determining the identity of the Dark Matter in the context of 
supersymmetric models. 


2.5. Simple Dark Matter 


The theory of the last section was particularly well-motivated because the 
Dark Matter came from a theory motivated by completely separate con- 
siderations. Even absent the presence of a good Dark Matter candidate, 
people would be excited about supersymmetric theories. The fact that it 
can naturally explain the Dark Matter is gravy. 

But what if those other pieces of evidence (the hierarchy problem [4], 
the apparent unification of gauge couplings) are a red herring? In this case, 
one is led towards very different theories of the Dark Matter particle. It is, 
after all, possible to correctly reproduce the thermal relic abundance (2.1), 
without the entire superstructure of supersymmetry. 

Typically, the collider phenomenology of the theories unmotivated by 
the hierarchy problem is somewhat limited. This is unsurprising. Due to 
its high gluon luminosity, the LHC is a machine that excels at producing 
colored objects. If there is only Dark Matter and no colored matter to be 
found, then discovery becomes much more challenging. 

One possibility is that there could be a single scalar particle coupled 
to the Higgs boson [13]. This signal of this theory would be a modifica- 
tion of the properties of the Higgs boson — it could dominantly decay 
“invisibly,” and its discovery could occur simultaneously to the discovery 
of Dark Matter! 
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Another option, recently championed in [14], is a single multiplet 
charged under the SU (2)z weak force. In this case, the Dark Matter again 
annihilates efficiently via the gauge interactions. To have enough Dark 
Matter, the new particle must be somewhat heavy, often a couple TeV. Such 
a particle would be difficult to observe at the LHC, but might be observed 
at future accelerators (if a machine with sufficient energy will built), or 
indirectly, via annihilation to gamma rays at the center of our galaxy. 


2.6. What If We Don’t See Dark Matter at LHC? 


If no Dark Matter is observed at the LHC, how do we proceed? One hope 
is that other experiments designed to observe weak scale Dark Matter will 
succeed. After all, these experiments rely on rather different approaches in 
their quest to detect the Dark Matter. 

Another possibility is that the whole idea of Dark Matter at the weak 
scale is incorrect. In this case, one still has to explain the now overwhelming 
data from the astrophysical experiments that indicates the existence of Dark 
Matter. The most likely conclusion in this case is that the Dark Matter is 
made up of some completely different entity, having nothing to do with the 
TeV scale. 

One option is the axion, see [15]. This particle, as recognized by Wein- 
berg and Wilczek, was a consequence of Peccei and Quinn’s attempt to 
solve what is known as the strong CP problem. It passes the test of econ- 
omy — its existence was posited for purposes other than explaining the 
Dark Matter. Furthermore, axions now appear to arise quite naturally in 
string theory constructions. 


2.7. Conclusions 


The example of Big Bang Nucleosynthesis discussed in Sec. 2.2 is especially 
useful because it also shows how we can gain confidence about the history 
of the Early Universe. The calculation had three inputs: known Standard 
Model particle physics, an unknown parameter (the baryon abundance), 
and crucially, a standard cosmological history. The output was predictions 
for the abundance of not one, but several light elements. If these predic- 
tions were not consistent for any value of the baryon abundance, then this 
would have been a signal that our assumption of a standard cosmologi- 
cal history was incorrect. The fact that they do agree tells us that we 
have a quantitative understanding of the history of the universe back to 
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the time of BBN. One can imagine doing something similar for the Dark 
Matter. 

Suppose a Dark Matter candidate is discovered at the LHC. Suppose we 
can glean enough about its properties to compute how much Dark Matter 
should be left over, assuming a standard thermal history for the universe. 
We could then compare this value to the observed value for the Dark Matter 
abundance. Two outcomes are possible. If the observed values agree, that 
tells us that we understand the thermal history of the universe quanti- 
tatively back to the time when the Dark Matter’s abundance was being 
determined, Týr ~ GeV. This is approximately three orders of magnitude 
beyond our current understanding of Tgpn ~ MeV. 

The other outcome is that the two numbers do not agree. Then there are 
two possibilities. It could be that the particle that looked like the solution 
to the Dark Matter puzzle was a red herring. It might only make up a small 
fraction of the current Dark Matter budget. Whether this possibility holds 
can be tested by looking for the Dark Matter in other experiments (so-called 
direct and indirect detection) — if the particle found there can definitively 
be shown to be different from the particle found at the LHC, then we know 
the LHC particle is not the dominant component of the Dark Matter. The 
particle found in the new experiments is, and we will need to understand 
how to study it in more detail. On the other hand, if the particle found in 
these experiments appears to be one and the same with the particle found at 
the collider, then we have discovered something very interesting about the 
history of the universe. Something must have happened to change the abun- 
dance of this particle. This would mean that the Standard Big Bang sce- 
nario is incorrect, and we have made a fundamental discovery in cosmology. 
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We describe the design of the ATLAS and CMS detectors as they are 
being prepared to commence data-taking at CERN’s Large Hadron Col- 
lider. The very high energy proton-proton collisions are meant to dissect 
matter and space-time itself into its primary elements and generators. 
The detectors by synthesizing the information from the debris of the col- 
lisions are reconstituting the interactions that took place. LHC’s ATLAS 
and CMS experiments (and not only these) are at the closest point of 
answering in the lab some of the most puzzling fundamental observations 
in nature today. 


3.1. Introduction 


The Large Hadron Collider (LHC) [1] is the largest and most complex 
scientific undertaking ever attempted. Its results will determine the future 
of the full discipline of high energy physics. The LHC will produce 14 TeV 
proton-proton collisions in the next year and we expect it will discover a new 
sector of particles/fields associated with electroweak symmetry breaking 
and dark matter. The two major experimental observations behind this 
expectation are: 


(1) the masses of the W and Z vector bosons; 
(2) the dark matter in the universe. 


These, in concert with the theoretical considerations are corroborative evi- 
dence for physics mechanisms that broaden the Standard Model. 
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Both the ATLAS (A large ToroidaL ApparatuS) [2, 3] and the CMS 
(Compact Muon Solenoid [4-6]) experiments are in the stage of commis- 
sioning and integration. The experiments have been collecting cosmic data 
with the major detectors in place already since 2006 (see for example an 
event display of a cosmic muon observed at the CMS Magnet and Cosmic 
Test runs in Fig. 3.1 and a recent one at ATLAS in Fig. 3.2) and finalizing 
the analysis of beam tests of most-all detector elements. The experiments 
are also preparing the strategies for the careful understanding and use of 
the Standard Model data at 14 TeV. 


Fig. 3.1. This “gold plated” event going through all central detectors — the tracker, the 
hadronic calorimeter, HCAL (top and bottom), the electromagnetic calorimeter ECAL 
and the muon Drift Tubes — it was recorded in August 2006 in the CMS assembly hall 
at Point 5; Run No. 2378, event 123 at a magnetic field of 3.8 T. 


3.1.1. LHC: The machine 


The LHC is built in a circular tunnel 27 km in circumference. The tunnel is 
buried around 50 to 175 m underground and straddles the Swiss and French 
borders on the outskirts of Geneva as shown in Fig. 3.4. It will circulate 
the first beams in the summer of 2008 and provide first collisions at high 
energy soon after. 

The LHC is at the edge of the accelerator based energy frontier as 
illustrated in the “Livingston plot” shown in Fig. 3.3. Note that since the 
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ATLAS 2008-03-10 01:21:40 CET event:JiveXML_44316_524736 run:44316 evis24736 = Atlantis 


Fig. 3.2. This cosmic muon event recorded with ATLAS is going through all barrel 
detectors. The tracker (silicon strip and straw tracker), hadronic calorimeter and muon 
detectors were read out, while the barrel liquid argon calorimeter (been operated in 
several periods earlier) and pixel system (being cabled) were not read out. The event 
was recorded in Mach 2008 at Point 1. 


30’s (with the 600 MeV Cockcroft-Walton — not shown here) the effective 
energy increase is more than 11 orders of magnitude while the effective cost 
per GeV of a typical accelerator is drastically reduced (see also [7]). In 
accelerator based high energy physics experiments, the type and number of 
particles brought into collision and their center of mass energy characterize 
an interaction. 

The limitation on the energy for a proton accelerator storage ring 
is the maximum magnetic field to bend the particles (Rring(m) = 
P(GeV)/0.3B(Tesla)). For an electron storage rings it is the energy lost 
to synchrotron radiation per revolution (U ~ 0.0885E(GeV)*R(m)~1). For 
relativistic proton beams this is ~ 7.797!°E(GeV)*R(m)7~!. At the LHC 
this amounts to about 3.6 kW per beam and is absorbed by the cryosys- 
tem). The largest electron-positron storage ring was the 27 km LEP ring at 
CERN in Geneva. It is expected that all future electron-positron machines 
at higher energy than LEP will be linear. 
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Fig. 3.3. (Left) A variant of the “Livingston plot” showing the energy in the constituent 
frame of electron-positron and hadron colliders constructed (filled circles and squares) 
or planned. The energy of hadron colliders has here been derated by factors of 6-10 in 
accordance with the fact that the incident proton energy is shared among its quark and 
gluon constituents. (Right) Phases of the hardon-hadron interaction; beads represent 
hadrons, straight lines quarks and springs gluons. HP indicates the hard process, and 
UE the underlying event, i.e. the remnants of the protons. 


The LHC is colliding proton beams. A monoenergetic proton beam 
is equivalent to a wide-band parton beam (where parton=quarks, anti- 
quarks, gluons), described by momentum distribution dn;/dp (also referred 
to as structure function) where i specifies the parton type, i.e. u, d, g, 
ū, d. Proton structure functions are measured in deep inelastic scatter- 
ing experiments. Some of the advantages of hadron collisions include the 
simultaneous study of a wide energy interval, therefore there is no require- 
ment for precise tuning of the machine energy; the greater variety of initial 
state quantum numbers, e.g. u +d — Wt, ū +d —> W7; the fact that 
the maximum energy is much higher than the maximum energy of ete7 
machines; and finally that hadron collisions are the only way to study 
parton-parton collisions, including gluon-gluon. Some of the disadvantages 
are the huge cross sections for uninteresting events; the multiple parton col- 
lisions in the same hadron collision that result in complicated final states; 
and that the center-of-mass frame of the colliding partons is not at rest at 
the lab frame. Figure 3.3(right) [8], illustrates the phases and complexity 
of a hadron-hadron interaction. In this example HP is the hard process in 
which a gluon (d) form the left collides with a quark (e) from the right. This 
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process can be approximately described as an interaction among fundamen- 
tal freely moving constituents of the proton. The boundary region denoted 
with a dotted line (H) includes the radiation process that has a “memory” 
of the hard scattering. The phases of the collision outside the line have no 
(distinct) memory of the hard scattering. The final state partons radiate 
and close-by ones merge into color-singlet clusters that are then decaying 
to physical hadrons (beads around the dotted line). The overall interac- 
tion of the remaining hadron fragments is represented with the UE bubble 
(Underlying Event); initial state gluons such as (f) and (g) are splitting in 
qq pairs that are shared with the underlying event. 

An impressive technological challenge of the LHC and the main budget 
item of the machine are the 1232 superconducting dipoles operating at 
temperature 1.9 K that bend the two proton beams around the 27 km 
circumference tunnel. At 7 TeV these magnets have to produce a field of 
8.33 Tesla at a current of around 11,700 A. The magnets have two side- 
by-side apertures (dual-core or “two-in-one” design), one for each of the 
counter-rotating proton beams [9-11]. Each dipole is 14.3 meters long. 
The manufacture of the coil that contain the superconducting cable to pro- 
vide the all-important 8.33 T magnetic field, represents 60% of the magnet 
production work. The niobium-titanium coils create the magnetic fields to 
guide the two counter-rotating proton beams in separate magnetic chan- 
nels, but within the same physical structure. The coils are surrounded by 
non-magnetic “collars” of austenitic steel, a material that combines the re- 
quired properties of good thermal contraction and magnetic permeability. 
The collars hold the coils in place against the strong magnetic forces that 
arise when the coils are at full field — the force loading 1 m of dipole is about 
400 tons. The LHC dipoles comprise 7600 Km superconducting cable that 
weighs 1200 tons. Each cable is made up of 36 strands of superconducting 
wire while each strand houses 6300 superconducting filaments of Niobium- 
titanium (NbTi) — the total length of the filaments is astronomical, more 
than 10 AU. 

The LHC schematic layout given in Fig. 3.4. It has not changed since 
the original design report [1]. The commissioning of the LHC began with 
Sector 7-8 in June 2007. During the summer, the quadruple circuits in that 
sector were powered up to 6500 amps. Sector 4-5 has been cooled down in 
Feb 2008 and the quadruple and main dipole circuits have been powered 
up to 10,200 amps in this sector in March 2008. At this intensity of current 
the magnets are capable of guiding a 6 TeV proton beam. For the cooling 
of the machine, the LHC cryogenics need ~40,000 leak-tight pipe junctions 
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Fig. 3.4. Overall layout of the LHC machine (left) and geographic location (right). 


while 12 million liters of liquid nitrogen will be vaporized during the initial 
cool-down of 31,000 tons of material and the total inventory of liquid helium 
will be 700,000 liters. 

A complex of older CERN accelerators pre-accelerate the proton 
bunches from rest to 450 GeV per proton. For each store, 2808 bunches will 
be injected into each of the twin LHC synchrotron and will be accelerated to 
7 TeV per proton. The two beams will be focused and brought into collision 
at the four interaction points shown in Fig. 3.4. In Fig. 3.5 a graphic of the 
relative beam sizes around the interaction point (IP1, ATLAS) is given. At 
the interaction point 100 billion protons are squeezed down to 16 microns. 


Interaction 
Point 


Relative beam sizes around IP1 (Atlas) in collision 


Fig. 3.5. Relative beam sizes around the ATLAS interaction point 
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Although there will be 100 billion protons per bunch, most of them will miss 
each-other, will proceed without scattering and the circulation/collisions of 
the same bunches will continue for many hours. 


3.1.2. LHC: Figures of challenge 


The power and energy figures for the LHC are very impressive. If we 
calculate the total energy of each LHC beam we get 2808 x 1.15 x 10" 
protons per bunch x 7 TeV = 0.185 MPlanck = 362 MJ. The accurate 
steering of the beam at all times is essential. 


The instantaneous luminosity at the LHC is £L = eNi Nefron 


AF 

1034 cm~2s~!, where frev = c/27 km ~ 104 Hz, AS!! = dno? is the 
effective transverse area of the proton beam and with o, = 16 microns. 
The total inelastic (non-diffractive) cross section is about 60 millibarns* 
(1 barn=10~*4 cm?). The collision rate, is L x o ~ 10° Hz: a billion per 
second. 

The rate that the 2808 proton bunches “cross” each-other at each inter- 
action region is 2808 c/27000 ~ 30 x 10° Hz. At design luminosity each 
bunch crossing produces then > 20 proton-proton scatterings! Note that the 
LHC will operate at bunch crossing rate of 40 MHz (25 ns bunch spacing). 
However only 80% of the bunches will be filled (allowing e.g. for abort and 
injection gaps) resulting in an effective bunch crossing rate of 32 MHz. 

Fortunately a typical hard scattering of two protons has a large impact 


~ 


parameter and produces relatively low momentum particles in the final 
state. These are called “minimum bias” collisions. An event with one spec- 
tacular hard scattering is unlikely to contain another one. Less fortunate 
is the fact that minimum bias collisions involve poorly understood nonper- 
turbative QCD. To subtract the minimum bias pollution of the interesting 
events, a model of the minimum bias physics is needed that will be built 
based on the actual LHC data. This was done successfully with Tevatron 
data. Although minimum bias collisions are “soft” (i.e. they produce rela- 
tively low momentum particles), their effects are quite significant. A typical 
LHC event will contain a total of about 1 TeV of “soft” energy from mini- 
mum bias collisions. In comparison, the most energetic hard scattering ever 
recorded prior to LHC was a ~ 1.4 TeV collision at the Tevatron. 


“Using long range inelastic strong interactions modeled by meson exchange as in the 
original Yukawa theory a back of the envelope calculation with o = rrange? will give an 
answer very close to this! 
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The integrated luminosity is f Ldt = L cm~? or fb™t. One year is about 
mx10’ s. Empirically a collider operates about 1/7 of the time a year and it 
is customary to take 1 “collider year” to be 10” s. The integrated luminosity 
over a year at the LHC at design luminosity is then 10“4cm~? or 100 fb™t. 
This is to be compared with the total integrated luminosity of about 3 fb~! 
at the Tevatron after more than 10 years of running. A detailed discussion 
of the first years of physics at the LHC can be found in Ref. [12]. 

With bunch crossings every 25 ns and given that in 25 ns the light travels 
~7.5 m, much shorter distance than the size of the detectors, the challenge 
at the LHC is obvious: no electronic system can read the data from an 
entire detector and decide to do anything with it before the next event 
comes about. To address this challenge and the large rate of incoming data 
the experiments need very fast response detectors and readout electronics 
as well as fast and rigid trigger architecture. Trigger refers to the real-time 
primary selection applied on the raw data or even the analog signals from 
the detectors. The triggers pipeline the data coming out of the detector 
subsystems (to buy some time), then decide quickly to allow events that are 
sufficiently interesting to pass along to the next layer of filtering. There are 
enough layers of triggers to reduce the original 40 MHz crossing rate down 
to 100-200 Hz of interesting events that are then permanently recorded, 
or “written-out” for later analysis (“offline” analysis). A good trigger is 
a fast trigger that keeps all the interesting events and is re-programmable 
to respond to detector understanding and possible change of the physics 
targets. Events that do not pass the trigger are permanently rejected. Note 
that the first hardware implemented trigger both for ATLAS and CMS is 
based on the calorimetry and muon detectors. We describe in more detail 
the trigger layers of ATLAS and CMS in Sec. 3.5. 

Trigger notwithstanding the amounts of data that the experiments will 
collect are unprecedented. There exists no single computing site that could 
host the LHC data in its entirety. The challenge of the distribution, storage, 
accessing and analyzing the data of the LHC has spawned new technologies 
in computer science referred to as grid computing technologies. We discuss 
the data-flow and computing architecture of ATLAS and CMS in Sec. 3.5.1. 


3.2. Detection, Particles and Physics 


The large luminosity of the LHC is required so that the detectors have 
a good chance to capture the data from smaller than the Standard 
Model cross section processes. Based on the discussion above, even before 


LHC’s ATLAS and CMS Detectors 33 


describing the two general purpose detectors at the LHC, the requirements 
on the detector design can be briefly summarized as follows: 


e The detectors subsystems must have fast response (20-50 ns), a very 
challenging requirement for the readout electronics; 

e The detectors segmentation should be fine to minimize the chance 
of overlapping signals from uninteresting events of neighboring bunch 
crossings. In turn this implies a very large number of readout channels 
and a high cost; 

e The detectors must be resistant to high radiation doses. Special mate- 
rials and tight quality control is imperative. 


Detailed technical reviews of the LHC challenges and the technical design 
of the detectors such that they meet the requirements can be found in 
Refs. [13-16]. 

A high energy proton-proton scattering results in debris of particles that 
proceed (themselves and/or their decay products, depending on their life- 
timne) to interact with the matter that surrounds the interaction region. 
The detectors and detections techniques are based on the interaction of 
particles with matter. An extensive review can be found in the Particle 
Data Book [17]. The the LHC detectors are built to uncover new funda- 
mental dynamics (for example new massive degrees of freedom and their 
couplings to the known particles) by using the experimentally accessible 
kinematics (characteristic kinematic observables related to the momentum 
phase space). The detectors will: 


e identify the particles based on their interaction with matter, their de- 
cays or their measured mass (from simultaneous measurements of any 
two of momentum, energy and velocity); 

e determine the momentum of the charged particles if charged by mea- 
suring their curvature in a a magnetic field if their mass is known; 

e determine the origin of the particles and 

e determine their polarization and other properties. 


In what follows we elaborate on those particles that are characterized al- 
ready at the trigger level and drive the detector design: 


e electrons (e): An electron moving through material loses energy by 
ionizing atoms; the additional electrons are collected so that the posi- 
tion of the high energy particle is determined. If a strong magnetic field 
is in place, pointing along the direction of the beampipe, an electron 
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moving away from the beam will curve in the plane orthogonal to the 
beam. By measuring the curved track, the momentum of the elec- 
tron and whether it is an electron or a positron (i.e. the charge of 
the electron) is determined. For electron energies above ~10 MeV, 
bremsstrahlung becomes the dominant energy loss mechanism. The 
photons produced convert back to ete~ pairs due to the presence of the 
material. This cascades into an electromagnetic shower. Such showers 
are initiated, contained, and detected in devices called calorimeters that 
are positioned at a larger radius from the interaction point than the 
tracker. Calorimeters measure the total energy of the initial high en- 
ergy electron typically that produces a narrow shower with well defined 
longitudinal and transverse shape. A high energy photon is detected 
as an electron without a track associated to the calorimetric energy 
deposition. A finely segmented calorimeter, can disambiguate the two 
particles. 

hadrons (h): High energy pions and kaons live long enough to initiate 
showers in calorimeters, as do protons and neutrons. These hadronic 
showers can penetrate farther (and are broader) than electromagnetic 
showers. Collider detectors have larger hadronic calorimeters surround- 
ing their electromagnetic calorimeters to provide measurements of the 
hadronic showers. Charged hadrons will also leave tracks in the tracker. 
Electrons are discriminated from hadrons because their showers are typ- 
ically mostly contained in the electromagnetic calorimeters. Similarly 
photons are discriminated from neutral hadrons although high energy 
neutral pions present a tough case, since they look like two roughly 
collinear photons. The ensemble of a set of tracks from the charged 
hadrons and the (approximately circular in the 7 — ¢ coordinate sys- 
tem) associated calorimetric depositions both in the electromagnetic 
and hadronic calorimeters is referred to as a “jet.” 

muons (u): Muons have the same interactions as electrons, but be- 
cause they are 200 times heavier they do not initiate electromagnetic 
showers. With a lifetime in the lab frame of 2.27 x 107% seconds, they 
are essentially stable particles. Thus high energy muons leave tracks in 
the tracker, a few hundred MeV in the electromagnetic calorimeter and 
a few GeV in the hadronic calorimeter. For very high energy muons, 
the tracker may give a less precise measurement of the momentum. 
Since there is no energy measurement from the calorimeters the collider 
detectors require very large muon systems, outside their calorimeters, 
designed to measure the trajectory and momentum of muons. 
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e taus (7): Taus can decay into a muon or electron plus two neutrinos, 
in which case they are detected as muons or electrons. Taus primarily 
decay into one or three charged pions with accompanying neutral pions. 
A high momentum single track or triad of tracks isolated in that there 
is little energy in the calorimeter around the tau candidate cluster and 
no other tracks nearby, is a characteristic signature of a hadronically 
decaying tau. 

e heavy flavor (hf,b,c): The mean distance traveled by a B meson 
before decaying is 0.5 millimeters, while it is 0.3 millimeters for a D 
meson. With fine tracking devices sufficiently close to the beampipe, it 
is possible to distinguish the displaced secondary vertices of the charged 
particles from these decays. In this sense detectors can “see” heavy fla- 
vor mesons; this ability is known as “b-tagging” and “charm-tagging.” 
An alternative technique for heavy flavor tagging is to look for muons 
inside the hadronic jet as semi-leptonic decays of Bs and Ds produce 
muons. 

e missing energy: Although neutrinos interact too weakly to be seen 
in a collider detector, modern detectors can infer the presence of high 
energy neutrinos by measuring the so-called “missing transverse en- 
ergy.” What is actually measured is missing transverse momentum, 
applying momentum conservation to all of the observed products of 
the proton-proton scattering. Since the momentum of the colliding pp 
pair is almost entirely longitudinal (i.e. along the beam) rather than 
transverse, the transverse momenta of the scattering products should 
add up to zero. An imbalance is attributed to an undetected particle 
(such as a neutrino). Missing energy analyses in hadron colliders have 
been performed with calorimetric information, and start from calori- 
metric triggers and not tracking, hence the slight misnomer “missing 
transverse energy” or MET. MET is a vector in the plane transverse to 
the beam. If the MET vector points to an uninstrumented region in the 
calorimeters the interpretation of the event is ambiguous. This is one 
reason why modern collider detectors are constructed to be as hermetic 
as possible. Note that it is not possible to perform a missing energy 
analysis in the strict sense of comparing “energy-in” with “energy-out.” 
In a pp collision usually only one parton from each proton undergoes 
a hard scattering. The energy of this collision is not known — it is 
less than the full pp center-of-mass energy — and the remnants of the 
protons (the underlying event) are poorly measured, since they mostly 
go off down the beam pipe. 
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Fig. 3.6. (Left) Scattering cross sections versus c.m. energy for the SM processes in pp 
collisions. The Higgs boson mass is taken as 120 GeV [18]. (Right) Comparison of QCD 
cross section in the Tevatron and the LHC. 


Figure 3.6(left), is showing the cross section for various Standard Model 
processes as a function of the center-of-mass energy of a pp hadron collider 
in units of millibarn. The scale on the right-hand side gives the event 
rate for the LHC design instantaneous luminosity 1034 cm~? s71 The cross 
sections grow with the center-of-mass energy Ecm due to the larger parton 
densities at higher energies. The jet-inclusive cross section o(jets) falls 
due the energy-dependent imposed jet Ær threshold requirement in the 
calculation (140 GeV for the LHC center-of-mass energy) and is about 
200 nb for the LHC. The bb pair production dominated by gluon-gluon 
scattering is of the order of 1 ub at the LHC (with a cutoff pr > 30 GeV) 
while the top-quark production — again dominated by gluon fusion is about 
1 nb large enough to call the LHC a “top-quark factory.” 

Higgs production and a multitude of other beyond the Standard Model 
processes have cross sections in the range of femtobarns to picobarns. These 
are the processes that the LHC is after and that this entire volume is 
pondering on. In Figure 3.6(right) the LHC 14 TeV probing length is 
shown compared to the Tevatron 1.8 TeV one. A detailed discussion of 
the parton luminosities at the Tevatron and the LHC and their implication 
can be found in Ref. [19]. As an example and to underline the “power” 
of the LHC we note that for a 1 TeV gg initiated processes 1 fb~! at the 
Tevatron is approximately equivalent to 1 nb~! at the LHC while for a 1 
TeV qq initiated processes, 1 fb~! at Tevatron is approximately equivalent 
to 1 pb~! at the LHC. 
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Fig. 3.7. (Upper) Cut-away view of the CMS detector. The modular design allowed 
assembly on the surface assembly hall before lowering each module 100 m down the 
collision hall. The detector weighs approximately 12,500 tons, is 22 m in length and 
15 m in diameter. (Lower) On the left the view of the 15 m diameter end-cap “discs” 
installed with muon chambers; On the right the part of the CMS barrel with the solenoid 
and the hadron calorimeter visible as well as the muon barrel wheel with . The picture 
was taken before “closing” the detector for the first time at the assembly for the 2006 
magnet test and full slice cosmic data taking. Image reproduced with permission from 
CERN. 


3.3. ATLAS and CMS 


The ATLAS and CMS detectors are designed to identify most of the very 
energetic particles emerging from the proton-proton collisions, and to mea- 
sure as efficiently and precisely as feasible their trajectories and momenta. 
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Semiconductor tracker 


Fig. 3.8. (Upper) Cut-away view of the ATLAS detector. The dimensions of the de- 
tector are 25 m in height and 44 m in length. The overall weight of the detector is 
approximately 7,000 tons. (Lower) The components of the ATLAS detector are installed 
in the experiment’s underground cavern. This picture from April 2007 shows the instal- 
lation of the inner detector inside the barrel calorimeter and toroid systems, while the 
end-cap calorimeters (in the foreground) are kept in an open position to allow access. 
Image reproduced with permission from CERN. 


The interesting particles are produced over a wide range of energies (from 
a few hundred MeV to a few TeV) and over the full solid angle. They 
therefore need to be detected down to small polar angles (0) with respect 
to the incoming beams (a fraction of a degree corresponding to pseudora- 
pidities 7 up to 5, where 7 = —log[tan(0/2)]. In addition no detectable 
particle should escape unseen. From the discussion above one can roughly 
predict what the ATLAS and CMS detectors look like. Moving radially 
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ATLAS CMS 


Weight (tons) 7,000 12,500 
Diameter (m) 22 15 
Length (m) 46 20 
Magnetic field for tracking (T) 2 4 
Solid angle coverage An x A®@ 275.0 27 x 5.0 
Cost in M CHF 550 550 


outward from the interaction region, they have a tracking system to mea- 
sure the directions and momenta of all possible charged particles emerging 
from the interaction vertex; an electromagnetic and a hadronic calorime- 
ter system to absorb and measure the energies of electrons, photons, and 
hadrons, and outer layers of muon detectors dedicated to the measurement 
of the directions and momenta of high-energy muons. They also have one 
or more large magnets, to provide bending fields for the tracker and the 
muon system. One might imagine that the optimal shape for a hermetic 
detector is a sphere, but the need of as uniform as possible magnetic fields 
dictates instead that the main detector is a cylinder or “barrel,” centered 
on the beampipe and the interaction region, supplemented by “end-caps” 
that provide coverage in the more “forward” regions. 


3.3.1. ATLAS/CMS duality 


A question that naturally arises is why the two general purpose detectors, 
having a very similar research program and operating in the same collider 
are so differently designed in terms of dimensions, density and material 
used for the sub-detectors [20, 21]. 

In the design phase of the CMS and ATLAS detectors in the early 
1990s, the detection of the Higgs boson was used as the driving benchmark 
for the performance of the proposed designs. The “golden,” very clean 
channel of the Higgs boson decaying to two Z bosons (and eventually 4 
muons) determined the baseline design. Specifically the benchmark design 
requirement is the measurement of the momentum of up to 1 TeV muon to 
no worse than 10% precision. Because ae ~ ot where B is the magnetic 
field strength and L is the distance over which the bending of the muon 
takes place the requirement has in fact more than one solutions: Very large 
B and compact design in length (CMS) or large L and appropriate magnetic 
field (ATLAS). 
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Roughly the muon road from the interaction out to the muon chambers 
in the two experiments can be summarized as follows: 


e at CMS muons travel radially a distance L=3 m in the 4 T bending 
field giving BL? = 36 Tm?. Out of the solenoid they travel another 3 m 
and halfway they cross the solenoid return flux in the iron magnet yoke 
which is about 2 T (with opposite orientation). That gives another 
BL? ~5 Tm?. The tracker and muons systems within and around the 
yoke measure the bendings. This explains the otherwise weird “S” 
path of the muons at CMS as inscribed in the experiment’s logo; 

e at ATLAS muons travel a distance of 1 meter in the tracker solenoid 
which is 2 Tesla giving BL? ~2 Tm?. Outside the calorimeters the 
air-core toroidal magnets provide a bending field of 1 T over a distance 
of 6 m giving another BL? = 36 T m?.? 


Most-all other design specifications and differences can be derived from 
this requirement. For example the ATLAS calorimeters can be larger since 
they don’t have to be contained within the solenoid, and the CMS lead 
tungstate electromagnetic calorimeter is such chosen that it can actually fit 
in the available space and manage to capture the electromagnetic showers 
and with appropriate resolution. 


3.3.2. Magnet systems 


ATLAS (Fig. 3.9) has an inner, thin, superconducting solenoid surrounding 
the inner detector cavity, and large, superconducting, air-core toroids, con- 
sisting of independent coils arranged with an eight-fold symmetry, outside 
the calorimeters. This magnetic system is 22 m in diameter and 26 m in 
length, with a stored energy of 1.6 GJ. It provides the magnetic field over 
a volume of approximately 12,000 më (defined as the region where the field 
exceeds 50 mT). The magnet systems are split into: 


e a solenoid that is aligned on the beam axis and provides a 2 T axial 
magnetic field for the inner detector, while minimizing the radiative 
thickness in front of the barrel electromagnetic calorimeter; 

e a barrel toroid and two end-cap toroids that produce a toroidal mag- 
netic field of approximately 0.5 T and 1 T for the muon detectors in 
the central and end-cap regions, respectively. 


bNote that the average toroidal field and distances vary significantly in ATLAS depend- 
ing on the angle so the numbers here are indicative. 
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Fig. 3.9. (Upper) Schematic of the geometry of ATLAS magnet windings and tile 
calorimeter steel. The eight barrel toroid coils, with the end-cap coils interleaved are 
visible. The solenoid winding lies inside the calorimeter volume. The tile calorimeter is 
modeled by four layers with different magnetic properties, plus an outside return yoke. 
For the sake of clarity the forward shielding disk is not displayed. (Lower) The picture 
shows the eight-fold barrel toroid as installed in the underground cavern. Also visible 
are the stainless-steel rails carrying the barrel calorimeter with its embedded solenoid 
that await translation towards their final position in the center of the detector (2005; 
Image reproduced with permission from CERN). 


The first barrel toroid coil was lowered in the cavern in the fall of 2004, im- 
mediately followed by the solenoid (embedded inside the liquid argon (LAr) 
barrel calorimeter). The remaining seven barrel-toroid coils were installed 
in 2004 and 2005, and the end-cap toroids in the summer of 2007. The 
position of the central solenoid in front of the electromagnetic calorime- 
ter requires optimization of the material in order to achieve the desired 
calorimeter performance. As a consequence, the central solenoid and the 
LAr calorimeter share a common vacuum vessel. 
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Fig. 3.10. (Upper) The CMS superconducting solenoid provides a central magnetic 
field of 4 T; the nominal current is 20,000 A, the weight of the cold mass is 220 tons, 
its length is 12.5 m and its diameter is 6 m; with stored energy 2.7 GJ it is the highest 
stored energy solenoid. (Lower) Members of the CMS Magnet and Integration Group 
and representatives from Saclay stand inside the cryostat of the giant superconducting 
solenoid during cooling to the interior operating temperature of 4.5 K (February 2006, 
Image reproduced with permission from CERN). 


The superconducting magnet for CMS was designed to reach a 4 T field 
in a free bore of 6 m diameter and 12.5 m length with a stored energy of 
2.6 GJ at full current. The flux is returned through a 10,000 ton yoke of 5 
barrel wheels and 2 end-caps, composed of three disks each. The distinc- 
tive feature of the 220 ton cold mass is the four layer winding made from a 
stabilized reinforced NbTi conductor. The ratio between stored energy and 
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cold mass is critically high (11.6 KJ/kg), causing a large mechanical defor- 
mation (0.15%) during energizing— well beyond the values of any solenoidal 
detector magnets built to-date. The magnet was designed to be assembled 
and tested at the surface assembly hall prior to being lowered 90 m below 
ground to its final position in the experimental cavern. After provisional 
connection to its ancillaries, the CMS magnet has been fully and success- 
fully tested and commissioned during the autumn of 2006 and lowered in 
the CMS cavern in 2007 where it is due to be cooled-down and powered in 
May 2008 for the final integration and data-taking. 


3.4. ATLAS and CMS: Challenges Addressed 


3.4.1. Inner detectors 


Approximately 1000 particles will emerge from the LHC collision points 
every 25 ns within |n| < 2.5, creating a very large track density in the 
detectors. To achieve the momentum and vertex resolution requirements 
imposed by the benchmark discovery as well as standard model background 
physics processes, high-precision measurements must be performed with 
fine detector granularity in the inner detector volume. 

Both the ATLAS and CMS inner detector systems are largely based on 
silicon detectors, with high granularity pixel systems at the smallest radii, 
and silicon-strip detectors at larger ones. ATLAS has a straw tracker at 
the largest radius. 

The main challenges for the inner detector parts are the high particle 
rates, the radiation tolerance needed and the control of aging effects. The 
ATLAS and CMS trackers had to be designed to withstand high radiation 
doses (500-1000 kGy) for the innermost pixel layers, and up to 100 kGy for 
the systems farther away from the interaction point, after 10 years of oper- 
ation). As a result, the development of the integrated front-end electronics 
for these systems has been a major challenge and has required several years 
and design iterations. These circuits are fast, radiation tolerant and low 
power, and are integrated on low-mass modules where cooling and material 
limitations are severe. Several iterations of test-beam measurements and 
rigorous irradiation programs have been necessary to prove that the circuits 
will function in their final assemblies, as well as after high irradiation. A 
similarly stringent research and development program was needed for the 
silicon sensors themselves for which the major difficulty is bulk radiation 
damage. 
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Silicon detectors are p — n junction diodes that are operated at reverse 
bias forming a sensitive region depleted of mobile charge and setting up an 
electric field that sweeps charge (namely electron-hole pairs) liberated by 
radiation towards the electrodes. Integrated circuit technology allows the 
formation of high-density micrometer-scale electrodes on large (10-15 cm in 
diameter) wafers, providing adequate position resolution. Furthermore, the 
density of silicon and its small ionization energy result in adequate signals 
with active layers only 200-300 um thick, and the charge mobility is such 
that the signals are also fast (typically tens of nanoseconds). 

The ATLAS and CMS inner detectors are contained in central solenoid 
fields of 2 T and 4 T respectively. They provide efficient tracking of charged 
particles within the pseudorapidity range |n| < 2.5, allowing the momentum 
measurement of charged particles and the reconstruction of primary and 
secondary vertices. 

Considering the flux of charged particles at increasing radii around the 
LHC beams, three detector regions are defined both in ATLAS and CMS. 
In the first of these, closest to the interaction point where the particle flux 
is highest, there are silicon pixel detectors, whose cell sizes of 50 x 400 
pm? and 100 x 150 um? in ATLAS and CMS respectively, give give an 
occupancy of about 1074 per pixel per bunch crossing. To improve the 
measurement of secondary vertices (e.g. from b-quark decays and other 
particles with lifetime) an innermost layer of pixels has been introduced as 
close to the beam as is practical, at a radius of about 4.5 cm. The pixel 
systems in ATLAS and CMS are very much larger than any comparable 
existing system. The ATLAS pixel system covers about 2 m? and has 
80 million channels; the CMS pixel system is only slightly smaller. Pixel 
detectors are expensive and have high power density, so at a certain radius 
and system size, silicon microstrip systems become the preferred technology. 

In the intermediate tracking region of ATLAS and CMS, at a radius 
of 20-55 cm, the particle flux becomes low enough to use silicon microstrip 
detectors. Barrel cylinders and end-cap discs provide coverage out to about 
|n| = 2.5. Strip dimensions of 10-12 cm x 80-120 um lead to an occupancy 
of 1-3% per bunch crossing. Both trackers use stereo angle in some of the 
strip layers (that is, strips placed at a small angle with respect to the z 
axis, 40 mrad and 100 mrad for ATLAS and CMS respectively) to improve 
the resolution in z. In these microstrip systems, it has been essential to 
find a good balance between the pitch of the cells (resolution and occu- 
pancy determinant), radiation effects, capacitive load (noise determinant), 
material length and costs. In the outermost region (beyond about 55 cm), 
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the particle flux is sufficiently low to allow the use of larger-pitch silicon 
microstrips in the CMS tracker, with a maximum cell size of 25 cm x 180 
um while keeping the occupancy to about 1%. There are six layers of such 
microstrip modules in the barrel, accompanied by nine end-cap discs pro- 
viding coverage out to about |n| = 2.5, amounting to 15,400 modules and 9.6 
million channels, and spanning a total detector area of more than 200 m?. 
For ATLAS, at radii greater than 56 cm, a large number of tracking points 
(typically 36 per track) is provided by the straw tracker — 300,000 straw- 
tubes embedded in fiber or foil radiators and filled with a xenon-based gas 
mixture. This detector allows continuous track following with less material 
per point, and also has electron identification capabilities. 


3.4.2. Calorimetry 


The ATLAS and CMS calorimeters absorb and measure the energies of 
electrons, photons and hadrons. In the QCD-dominated environment of the 
LHC, the ability to reject neutral pions is crucial both for photon and elec- 
tron identification. Efficient photon and lepton isolation measurements are 
also important in mutlijet topologies. In the design of the electromagnetic 
calorimeters for both ATLAS and CMS, the emphasis is on good resolution 
for photon and electron energy, position and direction measurements, and 
wide geometric coverage (up to |n| close to 3.0). For the hadronic calorime- 
ters, the emphasis is on good jet-energy measurements, and full coverage 
(to |n| = 5) to be able to ascribe the observation of significant missing 
transverse energy to non-interacting particles (such as neutrinos, or light 
neutralinos from supersymmetric-particle cascade decays). Last but not 
least, the quantities measured in the calorimeters play a crucial part in 
the trigger of the experiment as signatures of significant parts of the new 
physics sought at the LHC. 

The ATLAS calorimetry consists of an electromagnetic calorimeter 
covering the pseudorapidity region |n| < 3.2, a hadronic barrel calorime- 
ter covering |n| < 1.7, hadronic end-cap calorimeters covering 1.5 < |n| < 
3.2, and forward calorimeters covering 3.1 < |n| < 4.9. Over the pseudo- 
rapidity range |ņ| < 1.8, a pre-sampler is installed in front of the electromag- 
netic calorimeter to correct for energy loss upstream. The electromagnetic 
calorimeter system consists of layers of lead (creating an electromagnetic 
shower and absorbing particle energy), interleaved with liquid argon (pro- 
viding a sampling measurement of the energy-deposition) at a temperature 
of 89 K. The system’s “accordion” geometry provides complete azimuthal 
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symmetry, without uninstrumented regions, and has been optimized for the 
high sampling rate environment of the LHC. The barrel section is sealed 
within a barrel cryostat, which also contains the central solenoid, surround- 
ing the inner detector. The end-cap modules are contained in two end-cap 
cryostats that also contain the end-cap hadronic and forward calorimeters. 
The hadronic barrel calorimeter is a cylinder divided into three sections: 
the central barrel and two identical extended barrels. It is again based on a 
sampling technique, but uses plastic scintillator tiles embedded in an iron 
absorber. The vertical tile geometry makes it easier to transfer the light 
out of the scintillator to photomultipliers and achieves good longitudinal 
segmentation. At larger pseudorapidities, closer to the beam pipe where 
higher radiation resistance is needed, liquid-argon technology is chosen for 
all calorimetry, for its intrinsic radiation tolerance. The hadronic end-cap 
calorimeter is a copper/liquid-argon detector with parallel-plate geometry, 
and the forward calorimeter is a dense liquid-argon calorimeter with rod- 
shaped electrodes in a tungsten matrix. The approximately 200,000 signals 
from all of the liquid-argon calorimeters leave the cryostats through cold- 
to-warm feedthroughs located between the barrel and the extended barrel 
tile calorimeters, and at the back of each end-cap. The barrel and extended 
barrel-tile calorimeters both support the liquid-argon cryostats and act as 
the flux return for the solenoid. 

The electromagnetic calorimeter of CMS is an entirely active hermetic 
homogeneous calorimeter made of 61,200 lead tungstate (PbWO,) crys- 
tals mounted in the central barrel part, closed by 7,324 crystals in each 
of the two end-caps. A preshower detector is placed in front of the end- 
caps crystals. The use of high density crystals has allowed the design of a 
calorimeter that is fast, has fine granularity and is radiation resistant, all 
important requirements in the harsh LHC environment. One of the driving 
criteria in the design was the detection of a low mass Higgs boson decaying 
into two photons and the metric for the performance of the electromagnetic 
calorimeter has been the di-photon mass resolution. The reasons for the 
lead tungstate choice are the short radiation length and small Moliere ra- 
dius leading to a compact calorimeter in size, the short scintillation decay 
time constant, and its radiation hardness. The electromagnetic calorimeter 
is placed within the solenoid. Avalanche photodiodes are used as pho- 
todetectors in the barrel since they can operate in the 4 T magnetic field, 
they have a high quantum efficiency over the wavelength of emission, they 
have stable gain, small enough capacitance and leakage current (reducing 
the noise) and are radiation hard. The hadron calorimeter surrounds the 
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electromagnetic calorimeter and acts in conjunction with it to measure the 
energy and direction of jets and provide hermetic coverage for good missing 
energy measurement. The hadron calorimeter barrel is radially restricted 
between the outer extent of the electromagnetic calorimeter (R = 1.77 m) 
and the inner extent of the magnet coil (R = 2.95 m). This constrains 
the total amount of material which can be put in to absorb the hadronic 
shower. In the central region around 7 = 0 a hadron shower “tail catcher” 
is installed outside the solenoid coil to ensure adequate sampling depth. 
The active elements of the barrel and end-cap hadron calorimeters consist 
of plastic scintillator tiles with wavelength-shifting fiber readout. Layers 
of these tiles alternate with layers of copper in the barrel (maximizing the 
number of hadronic interaction lengths) to form the sampling calorimeter 
structure. Beyond |n| = 3, the forward hadron calorimeters placed at 11.2 
m from the interaction point extend the pseudorapidity coverage down to 
|n| = 5.2 using a Cherenkov-based, radiation-hard technology. 


3.4.3. Muon detectors 


The muon systems in all LHC experiments are large-area gas-based de- 
tectors (several thousand square meters of multi-layer chambers each in 
ATLAS and CMS). The chambers are divided into two basic sets, one in- 
tended for precise measurements of muon tracks and the other dedicated 
to triggering on muons. The sheer size of the systems means that there 
are significant technical challenges related to the stability and alignment of 
the chambers and to the careful mapping of the detectors’ magnetic fields 
over large volumes. The radiation levels for the muon chambers are much 
less severe than for the inner detectors or calorimeters. The designs of the 
beam pipe and the shielding elements in the forward direction have been 
carefully optimized to reduce the neutron-induced background rates in the 
muon chambers. 

The ATLAS air-core toroid system, with a long barrel and two inserted 
end-cap magnets, generates a large-volume magnetic field with strong bend- 
ing power within a light and open structure. Multiple-scattering effects are 
therefore minimized, and excellent muon momentum resolution is achieved 
with three stations of high-precision muon-tracking chambers, covering up 
to |n| = 2.7. Over most of the range in pseudorapidity, the measurement of 
track coordinates (in the principal bending direction of the magnetic field) is 
performed by monitored drift tubes. This technology provides robust and 
reliable operation, thanks to the mechanical isolation of each sense wire 
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from its neighbors in the gas-filled drift volumes of the individual tubes. 
At large pseudorapidities and close to the interaction point, where the rate 
and background conditions are more difficult, cathode-strip chambers with 
higher granularity strip readout are used. The muon trigger system, with 
a fast time response and covering |n| < 2.4, comprises resistive-plate cham- 
bers in the barrel and thin gap chambers in the end-cap regions. As well as 
triggering, these chambers provide a measurement of a second track coor- 
dinate orthogonal to the one measured by the high-precision chambers. In 
addition to the muon-chamber measurements, the inner detector measure- 
ments in the central solenoid of ATLAS contribute to the combined muon 
momentum resolution of the experiment. 

The CMS muon system has also three functions: muon identification, 
momentum measurement, and triggering. Good muon momentum resolu- 
tion and trigger capability are enabled by the high-field solenoidal magnet 
and its flux-return yoke. The latter also serves as a hadron absorber for 
the identification of muons. The CMS muon system is designed to have the 
capability of reconstructing the momentum and charge of muons over the 
the entire kinematic range of the LHC. CMS uses three types of gaseous 
particle detectors for muon identification. Due to the shape of the solenoid 
magnet, the muon system was naturally driven to have a cylindrical, with a 
central “barrel” section and two planar end-cap regions. The muon system 
consists of about 25,000 m? of detection planes. In the barrel region where 
the neutron-induced background is small and the 4-T magnetic field is uni- 
form and mostly contained in the steel yoke CMS used drift chambers. The 
barrel drift tube (DT) chambers cover the pseudorapidity region |n| < 1.2 
and are organized into four stations interspersed among the layers of the 
flux return plates. In the 2 end-cap regions, where the muon rates and back- 
ground levels are high and the magnetic field is large and non-uniform, the 
muon system uses cathode strip chambers (CSC). With their fast response 
time, fine segmentation, and radiation resistance, these detectors identify 
muons between |n| values of 0.9 and 2.4. There are four stations of cathode 
strip chambers in each end-cap. The muon detector elements cover the full 
pseudorapidity interval |7| <2.4 with no acceptance gaps and ensure muon 
identification over the range corresponding to 10° < 0 <170°. Note that the 
muon system and the inner tracker provide independent muon momentum 
measurements; this redundancy enhances fault finding and permits cross- 
checking between the systems. A crucial characteristic of the drift tube and 
cathode strip chamber subsystems is that they can each trigger on the pr 
of muons with good efficiency and high background rejection independent 
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of the rest of the detector. Additional redundancy and complementarity is 
ensured with a dedicated trigger system consisting of resistive plate cham- 
bers in both the barrel and end-cap regions. A total of six layers of RPCs 
are embedded in the barrel muon system, two in each of the first two sta- 
tions, and one in each of the last two stations. The redundancy in the first 
two stations allows the trigger algorithms to function for low momentum 
tracks that may stop before reaching the outer two stations. In the end- 
cap region, there is a plane of chambers in each of the first three stations 
in order for the trigger to use the coincidences between stations to reduce 
background, improve the time resolution for bunch-crossing identification, 
and achieve a good pr resolution. Finally, a sophisticated alignment sys- 
tem measures the positions of the muon detectors with respect to each 
other and to the inner tracker, in order to optimize the muon momentum 
resolution. 


3.5. Trigger Architecture 


At design luminosity, the LHC will produce a billion proton-proton events 
per second. Data storage and processing capabilities allow 100-200 care- 
fully selected events per second to be recorded for analysis (each of these 
accompanied by more than 20 overlapping proton-proton events in the same 
bunch crossing). 

The experiments need a trigger system with a rejection factor of nearly 
10” to select only the most important events in order to carry out the discov- 
ery program. The first trigger level is based on custom-built processors and 
uses a limited amount of the total detector information to make decision in 
2.5/3.2 us (ATLAS/ CMS) and flag the event as worth further processing 
or not, reducing the data rate to around 100 kHz. Higher trigger levels use 
a network of several thousand commercial processors and fast switches and 
networks, access gradually more information and run algorithms that re- 
semble offline data analysis to achieve the final reduction. The total amount 
of data recorded for each event will be roughly 1.5 megabytes, at a final 
rate of 150-200 Hz. This adds up to an annual data volume of the order 
of 10 petabytes for the LHC experiments. The challenges to be faced in 
real-time data collection and reduction are many. 

The synchronization of the individual parts of the detector — and there 
are several thousand units to time in — will be accurate to better than a 
nanosecond, taking into account the flight times of particles to the indivi- 
dual sensor elements. At later stages in the event processing, there is the 
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second synchronization challenge of assembling all of the data fragments 
for a particular bunch crossing from various parts of the detector into a 
complete event (event-building). 

As we mentioned already, processing and selecting events within the 25 
ns available between successive proton bunch crossings is not possible. In 
addition the sizes of the detectors and the underground caverns where they 
are installed impose a minimum transit time between the detector read- 
out electronics and trigger electronics. The first-level trigger calculations 
themselves need to be sufficiently sophisticated to identify clear physics 
objects and signatures. The trigger decision is based on the presence of 
trigger primitive objects in the calorimeters and/or muon detectors, such 
as photons, electrons, muons and jets above pre-set transverse-energy or 
transverse-momentum thresholds. It also employs global sums of transverse 
energy and missing transverse energy. During the transit and processing 
time (less than 2.5/3.2 us for ATLAS/CMS), the detector data must be 
time-stamped and held in buffers. 

After an event is accepted by the first-level trigger system, the data 
from the pipelines are transferred from the detector electronics into readout 
buffers. The further processing involves signal processing, zero suppression 
and data compression while the events are examined by a farm of commod- 
ity processors consisting of several thousands of central processing units. 
The event fragments must be directed from the readout buffers to a single 
processor and buffer node, using fast switches and networks, in order to 
perform more detailed calculations of the critical parameters of the event 
and to reduce the final rate further. 


3.5.1. Googles of data and the grid 


Even after a very large online data reduction, huge amounts of data will be 
recorded at the LHC (tens of petabytes per year). It was obvious already at 
the very early stages of the design of the LHC experiments that a sophisti- 
cated service for sharing computer power and data storage capacity over the 
Internet was imperative and that the required level of computing resources 
should be provided by a large number of computing centers working in uni- 
son with the CERN on-site computing facilities. Off-site computing centers 
are vital to the operation of the experiments to an unprecedented extent. 
The grid infrastructure for data distribution, processing and storage was 
adopted and further developed [22, 23]. The LHC Computing Grid (LCG) 
and the Enabling Grids for E-sciencE (EGEE) project which is based in the 
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European Union and includes sites around the world have been developed to 
support the experiments at CERN’s Large Hadron Collider and constitute 
the largest computing grids on the planet. 

The grid solution is geographically distributed and relies on many 
“Tiers.” The raw data output from the high-level trigger is processed and 
reconstructed in a “Tier-0” computing facility at CERN, producing recon- 
structed data. A copy of the raw data plus the reconstructed data is dis- 
tributed to the “Tier-1” centers around the world. The Tier-1 centers share 
the archiving of a second copy of the raw data, provide the re-processing 
capacity and access to the various streams of reconstructed data (corre- 
sponding to the trigger paths) and allow data access and processing by the 
experiments physics analysis groups. 

The “Tier-2” centers, each linked to a specific Tier-1 center, are smaller 
but more numerous and are used largely for analysis and Monte Carlo 
simulations. Data selection operations run on the Tier-1 data streams and 
result is more compact secondary datasets tailored for the physics analyses 
at the Tier-2 centers. 

A tertiary level in the hierarchy is provided by individual group clusters 
and computers used for analysis. In summary: 


e The vast amount of data at the LHC cannot be stored at any one single 
place while researchers around the world need to be able to access and 
analyze the data. 

e Grid computing technologies are used to “enable coordinated resource 
sharing and problem solving in dynamic, multi-institutional virtual 
organizations” [22]. 

e The data from the LHC experiments will be distributed around the 
globe, according to a multi-tiered model. A primary backup will be 
recorded on tape at CERN, the Tier-0 center of the LHC Comput- 
ing Grid project (LCG). After initial processing, this data will be 
distributed to a series of Tier-1 centers, large computer centers with 
sufficient storage capacity for a large fraction of the data, and with 
round-the-clock support for the grid. 

e The Tier-1 centers will make data available to Tier-2 centers, each 
consisting of one or several collaborating computing facilities. Individ- 
ual scientists will access these facilities through Tier-3 computing re- 
sources, which can consist of local clusters in a University Department 
or even individual PCs, and which may be allocated to LCG on a regular 
basis. 
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3.6. To Be Continued 


Every day until the day that ATLAS and CMS start collecting the proton- 
proton data from the LHC collisions is a day closer to discovery. Every 
day after that, students, post-docs, professors, researchers of all special- 
izations and interests will go to work operating the detectors, collecting 
and analyzing the data and thinking that “this is the day, it’s close, we’re 
there.” 
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I discuss the basic elements of the process that will lead to the discovery 
of possible new phenomena at the LHC. We review the status of the 
tools available to model the Standard Model backgrounds, and the role 
that such tools can play in the discovery phase, and in the exploration 
of the features and parameters of such new phenomena. 


4.1. Introduction 


The Standard Model (SM) of fundamental interactions has by now been 
successfully tested over the past 30 years, validating its dynamics both in 
the gauge sector, and in the flavour structure, including a compelling con- 
firmation of the source of the observed violation of parity (P) and combined 
charge and parity (CP) symmetries. The inability of the SM to account for 
established features of our universe, such as the presence of dark matter, 
the baryon asymmetry, and neutrino masses, are not considered as flaws of 
the SM, but as limitations of it, to be overcome by adding new elements, 
such as new interactions and new fundamental particles. With this perspec- 
tive, the LHC is not expected to further test the SM, but to probe, and 
hopefully provide evidence for, the existence of such new phenomena. Our 
ability to predict what will be observed at the LHC is therefore not limited 
by fundamental issues related to left-over uncertainties about the SM dy- 
namics, but by the difficulty of mastering the complex strong-interaction 
dynamics that underlies the description of the final states in proton-proton 
collisions [1]. 
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Many years of experience at the Tevatron collider, at HERA, and at 
LEP, have led to an immense improvement of our understanding of this 
dynamics, and put us today in a solid position to reliably anticipate in 
quantitative terms the features of LHC final states. LEP, in addition to 
testing with great accuracy the electroweak interaction sector, has veri- 
fied at the percent level the predictions of perturbative QCD, from the 
running of the strong coupling constant, to the description of the pertur- 
bative evolution of single quarks and gluons, down to the non-perturbative 
boundary where strong interactions take over and cause the confinement 
of partons into hadrons. The description of this transition, relying on the 
factorization theorem that allows to consistently separate the perturbative 
and non-perturbative phases, has been validated by the comparison with 
LEP data, allowing the phenomenological parameters introduced to model 
hadronization to be determined. The factorization theorem supports the 
use of these parameters for the description of the hadronization transition 
in other experimental environments. HERA has made it possible to probe 
with great accuracy the short-distance properties of the proton, with the 
measurement of its partonic content over a broad range of momentum frac- 
tions x. These inputs, from LEP and from HERA, beautifully merge into 
the tools that have been developed to describe proton-antiproton collisions 
at the Tevatron, where the agreement between theoretical predictions and 
data confirms that the key assumptions of the overall approach are robust. 
Basic quantities such as the production cross section of W and Z bosons, of 
jets up to the highest energies, and of top quarks, are predicted theoretically 
with an accuracy consistent with the known experimental and theoretical 
systematic uncertainties. This agreement was often reached after several 
iterations, in which both the data and the theory required improvements 
and reconsideration. See, for example, the long saga of the bottom-quark 
cross section [2], or the almost embarassing — for theorists — case of the 
production of high transverse momentum J/ys [3]. 

While the present status encourages us to feel confident about our abil- 
ity to extrapolate to the LHC, the sometimes tortuous path that led to 
this success demands caution in assuming by default that we know all that 
is needed to accurately predict the properties of LHC final states. Fur- 
thermore, the huge event rates that will be possible at the LHC, offering 
greater sensitivity to small deviations, put stronger demands on the preci- 
sion of the theoretical tools. In this essay I discuss the implications of these 
considerations, in the light of some lessons from history, and I discuss the 
role that theoretical calculations should have in the process of discovering 
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new physics. I shall not provide a systematic discussion of the state of the 
art in calculations and Monte Carlo tools (for these, see Refs. [4] and [5], 
respectively) but rather a personal perspective on aspects of the relation be- 
tween theory and data analysis that are sometimes neglected. Furthermore, 
I shall only deal with what we would call “direct discovery”, namely the 
observation of the production of some new particle. Of course the LHC can 
discover new physics in other ways, for example by measuring Bs —> pt u7 
decays with a rate different than predicted by the SM, or by measuring the 
top, W and Higgs masses to be inconsistent with the SM expectation. I 
shall not cover these aspects, since they are subject to sources of theoretical 
and experimental uncertainties that are rather complementary to those I 
intend to focus on. 


4.2. Signals of Discovery 


Three new elementary particles have been discovered by hadron colliders: 
the W and Z bosons [6, 7] , and the top quark [8, 9]. For the first two, the 
features of the final states were known in advance with great confidence, 
and so were the masses and the production rates. The signals stood out of 
the backgrounds very sharply and cleanly, and their interpretation in terms 
of W and Z was straightforward. The discovery of the top was harder, 
but still benefited from the a-priori knowledge that the top had to be there 
somewhere, and of its production and decay properties. 

It is likely that the search and discovery of the Higgs boson will follow 
a similar path. We have reasonable confidence that the Higgs has to be 
there, and we know how it would be produced and decayed, as a function 
of its mass and even as a function of the possible models alternative to the 
plain SM implementation of the Higgs mechanism. Search strategies have 
been set up to cover all expected alternatives, and in many cases a signal 
will be unmistakable: mass peaks such as those obtained from H — yy, 
or H — ZZ — 4 leptons, are easily established as soon as the statistics is 
large enough to have them stand out of the continuum background, without 
any need to rely on theoretical modeling. 

As we move away from the default Higgs scenarios, into the territory of 
new physics beyond the SM, life becomes more difficult. One should think 
of two phases for a discovery: establishing the deviation from the SM, and 
understanding what this deviation corresponds to. It is crucial to maintain 
these two phases separate. The fact that a given anomaly is consistent with 
one possible interpretation does not increase its significance as an indication 
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of new physics. If we see something odd in a given final state, it is not by 
appealing to, or freshly concocting, a new physics model that gives rise to 
precisely this anomaly that makes the signal more likely or more credible. 
The process of discovery, namely the detection of a deviation from the 
SM by more than, say, 5 standard deviations of combined statistical and 
systematic uncertainties, should be based solely on the careful examination 
of whether indeed this signal violates the SM expectation. Assigning this 
discrepancy to a slot in the space of possible BSM scenarios is a subsequent 
step. 

We can broadly group the possible deviations from the SM expectation 
into three, possibly overlapping, classes: mass peaks, shape discrepancies, 
and excesses in so-called counting experiments. 


4.2.1. Mass peaks 


Whether in a dilepton, diphoton, or dijet final state, a two-body mass peak 
in the region of hundred GeV and above is the most robust signature one 
can hope for. Unless one sculpts the signal with a dangerous choice of se- 
lection cuts (like looking for a mass peak in the mass region just above the 
kinematical threshold set by twice the minimum energy of the reconstructed 
objects), this signal cannot be faked by a detector flaw. For example, things 
like malfunctioning calorimeter units occasionally giving a fixed signal cor- 
responding to a high-energy deposition, will only fake a mass peak if all 
events have precisely the same two detector elements giving the signals 
for the two particles in the mass bin. Random failures by more calorime- 
ter towers would give different two-body invariant masses, because of the 
different reconstructed kinematics, and would not build up a mass peak! 
On the other hand if it is always the same two calorimeter towers giving 
the signal, this is unlikely enough to be immediately spotted as a localized 
hardware problem rather than as a Z’. 

On the theory side, no SM background can give rise to a sharp peak, 
since, unless you are sitting on top of a W or Z, all sources give rise to 
a continuum spectrum: either from the obvious DY, or from the decay of 
separate objects (like WW or tt pairs). 

An experimental analysis would extract the background directly from 
the data, by studying the sidebands of the invariant mass distribution be- 
low and above the peak, and interpolating under it. The role of the simula- 
tion of the SM background is therefore marginal, and will only contribute, 
possibly, in helping the interpolation and establishing more accurately the 
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background level for the experimental extraction of the signal excess. The 
simulation becomes then crucial in the second phase, that of the determi- 
nation of the origin of the new signal, and of the study of its properties, as 
discussed later. 

Mass peaks are just an example of a general set of self-calibrating signals, 
for which data themselves offer the most reliable source of background 
estimate. Other examples include jacobian peaks, or sharp edges in two- 
body mass distributions, like in the case of dileptons in supersymmetric 
chain decays of gauginos [10]. 


4.2.2. Anomalous shapes of kinematical distributions 


Typical examples in this category are the inclusive transverse energy (Er) 
spectrum of jets, or the missing transverse energy (Ær) distribution in some 
class of final states (e.g. multijet plus Ær, as expected in most supersym- 
metric scenarios). A precise knowledge of the SM background shapes is an 
obvious advantage in these cases. To which extent one can solely rely on 
such presumed knowledge, however, is a matter worth discussing. To help 
the discussion it is useful to consider a concrete example from the recent 
history of hadronic collisions, namely the high-Er jet spectrum measured 
in run 1 by CDF [11]. 

For years it has been claimed that a high tail in the jet Er spectrum is 
a possible signal of an anomalous quark form factor, due for example to the 
manifestation of quark compositeness. The comparison of CDF’s data with 
the best available theoretical predictions, based on next-to-leading-order 
(NLO) QCD and the latest parton density functions (PDFs) extracted from 
HERA, led to a several-o excess in the region Er = 250 GeV, compatible 
with compositeness at a scale just above the TeV. The difference between 
theory and data was such that no appeal to yet higher order effects could 
have possibly fixed it. In that respect, the discrepancy would have al- 
ready been visible using a plain leading-order (LO) calculation, since, aside 
from an overall K factor, the shapes at LO and NLO were known to agree 
very well. On the side of PDFs, the same conclusion could be drawn from 
the analysis of the HERA data. With the lack of flexibility in modify- 
ing the behaviour of the partonic NLO cross section, and given the solid 
understanding of experimental systematics, the PDFs remained however 
the only possible scapegoat. As it turned out, the supposedly well-known 
large-x behaviour of the gluon density was driven mostly by the assumed 
functional form used in the fits, rather than by data directly sensitive to it. 
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Including the CDF data into the fits, and assigning to them a larger statis- 
tical weight, led in fact to new sets [13] that gave equally good descriptions 
of previous data, as well as explaining away the jet anomaly. The impasse 
was finally resolved by the subsequent analysis by DO [12] , which considered 
the Er spectrum of jets produced at large rapidity. The production of dijet 
pairs with a large longitudinal boost but of low invariant mass (therefore 
in a region free of possible new physics contamination) forces the momen- 
tum fraction of one of the incoming partons to be close to 1, thus probing 
the PDFs in the range relevant for the high-Er, central, production. This 
measurement confirmed the newly proposed fits, and set the matter to rest. 

The lesson for the future is that, more than accurate theoretical calcula- 
tions, in these cases one primarily needs a strategy for an internal validation 
of the background estimate. If evidence for some new phenomenon entirely 
depends on the shape of some distribution, however accurate we think our 
theoretical inputs are, the conclusion that there is new physics is so impor- 
tant that people will always correctly argue that perhaps there is something 
weird going on on the theory side, and more compelling evidence has to be 
given. 
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Fig. 4.1. Example of an expected supersymmetry signal and backgrounds in the 
multijet+Hr final state [14]. 


A place where we shall (hopefully!) encounter this problem at the LHC 
is the Hr spectrum in multijet events, the classic signature of escaping 
neutralinos produced in the chain decay of pair-produced squarks and 
gluinos. A possible outcome of this measurement is given in Fig. 4.1, 
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taken from recent ATLAS studies [14]. The variable Meg is defined as 
the sum of the transverse energies of all hard objects in the event (jets 
and Ær, in this case). Events are required, among other things, to have 
at least 4 jets with Er > 50GeV, of which one above 100 GeV, and 
Ẹr > max(100 GeV, 0.2 x Meg). The solid histogram is the expected sig- 
nal, the shaded one is the sum of all backgrounds, including SM processes 
with real (such as jets produced in association with a Z boson decaying 
to neutrinos), and SM processes where the Ær results from the inaccurate 
measurement of some jet energies. The signal corresponds to production 
of squarks and gluinos with a mass of the order of 1 TeV. While the signal 
has certainly a statistical significance sufficient to claim a deviation from 
the SM, it is unsettling that its shape is so similar to that of the sum of 
the backgrounds. The theoretical estimates of these backgrounds have also 
increased significantly over the last few years, as a result of more accu- 
rate tools to describe multijet final states. There is no question, therefore, 
that unless each of the background components can be separately tested 
and validated, it will not be possible to draw conclusions from the mere 
comparison of data against the theory predictions. 

I am not saying this because I do not believe in the goodness of our 
predictions. But because claiming that supersymmetry exists is far too 
important a conclusion to make it follow from the straight comparison 
against a Monte Carlo. One should not forget relevant examples from the 
colliders’ history [15, 16], such as the misinterpretation in terms of top 
or supersymmetry of final states recorded by UA1 with jets, Hr, and, in 
the case of top, leptons. Such complex final states were new experimental 
manifestations of higher-order QCD processes, a field of phenomenology 
that was just starting being explored quantitatively. It goes to the theorists’ 
credit to have at the time played devil’s advocate [17] , and to have improved 
the SM predictions, to the point of proving that those signals were nothing 
but bread and butter W or Z plus multijet production. But the fact remains 
that claiming discoveries on the basis of a comparison against a MC is 
dangerous. 

So let me briefly discuss the current status of theory predictions for 
the SM channels relevant for supersymmetry searches. There are three 
dominant processes: production of jets and a Z boson, with Z — vv giving 
the missing energy; production of jets and a W boson, where this decays 
either to a rv (the 7 faking a jet), or to a uv or ev, with the leptons 
escaping identification; and tt pairs, where one of the Ws from the top 
decays behaves like in the previous case. 
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tt production has been well tested at the Tevatron [18, 19]. Theoretical 
NLO calculations, enhanced by the resummation of leading and subleading 
Sudakov logarithms [20], predict correctly the total cross section. The pre- 
dictions for the LHC are expected to be equally accurate, if not more, since 
the main source of uncertainty, the PDFs, fall at the LHC in a range of x 
values where they are known with precision better than at the Tevatron. 
The kinematical production properties, such as the transverse momentum 
distribution or the invariant mass of the tt pair, are also well described 
by theory, and Monte Carlo event generators are available to model the 
full structure of the final states, including both the full set of NLO correc- 
tions [21] and the emission of multiple extra jets [22], which is relevant for 
the backgrounds to supersymmetry. 

The processes W+jets and Z+jets are very similar from the point of 
view of QCD. There are minor differences related to the possibly differ- 
ent initial-state flavour compositions, but the main theoretical systemat- 
ics, coming from the renormalization-scale sensitivity due to the lack of 
higher-order perturbative corrections, are strongly correlated. In the case of 
W/Z-+1 and 2 jets, parton-level NLO calculations are available [23]. They 
are in excellent agreement with the measurements at the Tevatron [24, 25], 
as shown for example in the case of Z+1 and 2 jets by the CDF results [24 
shown in Fig. 4.2. Going to higher jet multiplicities, and generating a realis- 
tic representation of the fully hadronic final state, is then possible with LO 
calculations. Exact, LO matrix-element calculations of multiparton produc- 
tion can be enhanced by merging with shower Monte Carlo codes [26, 27], 
which add the full perturbative gluon shower and eventual hadronization. 
An example of the quality of these predictions is given by Fig. 4.3, which 
shows the ratio of the measured [28] and predicted W + N-jet cross sec- 
tions, for jets with Ep > 25 GeV. The theoretical predictions include the 
LO results from Ref. [29] (labeled as MLM), and from Ref. [30] (labeled as 
SMPR), while MCFM refers to the NLO predictions for the 1- and 2-jet 
rates from Ref. [23]. The systematic uncertainties of the individual calcu- 
lations, mostly due to the choice of renormalization scale, are shown. The 
LO results, which have an absolute normalization for all N-jet values, are in 
good agreement with the data, up to an overall K factor, of order 1.4. The 
prediction for the ratios of the N-jet and (N — 1)-jet rates is also in good 
agreement with the data. The NLO calculations embody the K factor, and 
exactly reproduce the 1- and 2-jet rates. 

Thorough comparisons have been performed [31] among a set of in- 
dependent calculations of W plus multijet final states [29, 32-35]. The 
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Fig. 4.2. Jet Er spectra in Z+jet(s), as measured by CDF at the Tevatron [24] . 
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Fig. 4.3. Comparison between CDF data and theory for W + N jets cross sections [28] . 


results of the matrix element evaluation for these complex processes are all 
in excellent agreement; differences in the predictions at the level of hadrons 
may instead arise from the use of different parton-shower approaches, and 
of different ways of sharing between matrix elements and shower the task 
of describing the radiation of hard jets. An example of the spread in the 
predictions is shown in Fig. 4.4, which shows the Er spectra of the four 
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Fig. 4.4. Predicted jet Er spectra in W +jet(s) final states at the LHC [31]. 


highest-Er jets in W+multijet events at the LHC. With the exception of 
the predictions from one of the codes, all results are within +50% of each 
other, an accuracy sufficient by itself to establish possible deviations such 
as those in Fig. 4.1. These differences are of size compatible with the in- 
trinsic uncertainties of the calculations, given for example by the size of 
the bands in Fig. 4.3. It is expected that they can be removed by tuning 
the input parameters, like the choice of renormalization scale, by fitting 
the data. An accurate determination of the normalization and shape of the 
SM background to a supersymmetric signal could therefore be obtained by 
analyzing data control samples. The description of the (Z — vi)+ jets 
process can be validated, and the absolute normalization of the rate tuned, 
by measuring the signal-free (Z — e*e—)-+ jets final states. This informa- 
tion can be then directly used to tune the W+jets predictions; or one can 
measure directly (W — ev)+ jets in a region where the electron is clearly 
tagged, and use the resulting tune to extrapolate to the case of 7 decays, or 
to decays where the e and js are not detected. The fact that the calculations 
appear to well reproduce the ratios of o|N—jet]/o|(N — 1)—jet], provides a 
further handle. 
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A clear path is therefore available to establish the accuracy of the the- 
oretical tools, and to provide robust background estimates for searches of 
anomalies in the multijet plus Ær final states. As always, however, the devil 
is in the details. As shown by the Tevatron analyses, even the measurement 
of the background W+multijet cross sections is not an easy task, due to 
a large contamination from bb backgrounds (where both b-hadrons decay 
semileptonically, one giving rise to a hard and isolated charged lepton, the 
other to a very energetic neutrino), and tt backgrounds, which at the LHC 
are the dominant source of W+multijet events. It is therefore difficult to 
anticipate the dimension of the challenge, only the direct contact with to 
data will tell! 


4.2.3. Counting experiments 


A counting experiment is a measurement defined by assigning some selection 
criteria, counting the number of events passing the cuts, and comparing this 
against the expected background. Counting experiments are like searches 
for shape anomalies, since the analysis cuts act on the distribution of some 
variables. However the expected statistics are too small to allow a mean- 
ingful use of the full distributions, and one simply integrates over the full 
sample passing the cuts. So counting experiments tend to lack a smoking 
gun, a truly compelling evidence that something is wrong, and they require 
the most robust understanding of backgrounds one can possibly need. 

A typical example is given by the analyses that led to the top discovery. 
Different selections were applied to single out complementary data samples, 
each characterized by at least one of the expected features of top final states: 


e a charged lepton, with Ær, 3 or more jets, and possibly one of them 
containing either a lepton, or a secondary displaced vertex (SVX), ex- 
pected features of b-hadron decays; 

e a pair of opposite-charge leptons, with invariant mass away from the Z 
peak is same flavour, and one or two jets, possibly with a b-quark tag. 


Each of the objects listed above had to pass some kinematical or quality 
cuts, in terms of minimum pr or Er, or in terms of variables defining the 
cleanness of the leptonic of SVX tags. The estimate of the backgrounds 
to a counting experiment is usually very hard. One can always suspect 
that, even if the background estimates are tested on control samples, the 
extrapolation in the signal region could fail. For example, backgrounds 
that are a negligible component of the control samples could sneak into the 
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signal region, and suddenly dominate the rates. Furthermore, backgrounds 
could have strong correlations among different variables, and the probability 
of extrapolating their rate using their relative weight for various variables 
may not factorize into a product of probabilities. A typical example is the 
one given earlier for the contribution of bb pairs to events with isolated 
electrons (or muons) and missing transverse energy. The contribution to 
isolated leptons is proportional to the probability of having a bb final state, 
Py», times the probability of a suitable decay to a charged lepton, Py.¢. 
The contribution to a large # signal is likewise given by Pi, x P,.,. But 
the probability of having both a hard charged lepton and the Ær is not the 
product of the two, but is given by Pp x Pye x Ph , which is larger than 
the product by ~ 1/P,» Z 100. 

Analyses of this type require full Monte Carlo codes, where the best 
possible perturbative input (e.g. multijet matrix elements) is used together 
with a complete description of the shower, hadronization, particle decays, 
and underlying event. A good description of a b-hadron decay, based for 
example on an empirical fit to existing data, may have more value than the 
inclusion of first-principle NLO corrections to the matrix elements. The 
challenge for the theorist is to provide a prediction where the accuracy is 
uniformly distributed over all the delicate areas, rather than concentrated 
on some specific spots. The calculation must have enough tunable param- 
eters that the predictions can be adjusted to fit the data in the control 
samples, but not too many that the extrapolation from the control sam- 
ples to the signal regions may not be trustable. The crucial question that 
a theorist is called to answer for applications to counting experiments is, 
in fact, to which extent the predictions of the code tuned on some sam- 
ple can be trusted when exported to another sample. When codes can be 
properly tuned, the portability issue becomes the dominant source of sys- 
tematics. Sorting out all of these issues requires a very careful and skilled 
work, both on the experimental and theoretical side. This sort of explains 
why it took about 100 pages [8] to document the steps that led to a credible 
first evidence for the top quark! 

The discovery of the Higgs in complex final states, such as the weak- 
boson fusion channels, with the Higgs decaying to final states without a 
sharp mass peak, such as H — +t+7~ or H — bb, and with vetoes on the 
presence of jets in the central rapidity region, will fall in this category of 
extremely difficult and hard-to-valiate searches. 

An interesting historical example in this class is the famous ete yy Er 
event seen by CDF in run 1 [36]. The expected SM background for this 


+ 
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event is less than 1076 events. The estimate drops to 1078 if one assumes 
that the most forward electron (for which the tracking information, and 
therefore a charge-tag, is missing) is actually a photon. According to the 
rules, this is a 50 excess, and qualifies for a discovery. After all, even the 
Q- discovery was based on just one, compelling, event. In terms of pure 
statistics, the ete~ yy Hr is (still today, after 30 times more luminosity has 
been collected by CDF and DO) even more significant as a deviation from 
the background (whether caused by physics or instrumental) than the first 
W observations at UA1 and UA2. Why do we not consider it as evidence 
of new physics? Because consensus built up in the community that, in spite 
of the “50”, the evidence is not so compelling. On one side plausible BSM 
interpretations have been ruled out [19] by the LEP experiments, which 
inconclusively explored, for example, scenarios based on gauge-mediated 
supersymmetry breaking, with € — ey —> eyG3 /2- On the other, doubts 
will always remain that some freaky and irreproducible detector effect may 
be at the origin of this event. However difficult, the estimate of the physics 
SM background to this event at the leading-order is relatively straightfor- 
ward and has been checked and validated. Higher-order effects, not known, 
cannot be reasonably expected to change the rates by more than a factor 
of two. I do not think that anyone can seriously argue that the knowl- 
edge of the background rates with a NLO accuracy would have changed 
our conclusions about this event, so I do not think that here theory could 
have played a more important role. As in other examples of the past (most 
frequently in the discovery of hadronic resonances, see e.g. the recent case 
of pentaquarks), theoretical bias (e.g. the availability and appeal of a the- 
oretical framework — or lack thereof — within which to fit the claimed 
discovery), the possible prejudice towards the robustness of the analysis or 
of the group that performed it, and other considerations generically labeled 
as guts’ feeling, heavily interfere with the purely statistical and systematics 
assessment of a finding, making its interpretation more difficult. We find 
a similar situation in other areas of particle physics. The examples of neu- 
trino oscillations and of the muon anomalous magnetic moment come to 
mind. Davies’ solar-neutrino anomaly had been sitting there for years, and 
no improvement in the solar model was ever going to be good enough for the 
reality of neutrino oscillations to be uniformly accepted by the community. 
New data, less sensitive to the details of theory, and providing the oppor- 
tunity to test more convincingly the model assumptions beyond the shade 
of any doubt, had to come for Davis’ signal to be incorporated in a broader 
evidence for neutrino oscillations. It is likely that the 3.50 of BNL’s g, — 2 
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experiment [37] will have a similar fate, regardless of how much progress 
will be made in the theoretical understanding of the hadronic contribution 
to light-by-light scattering. QCD is simply too vicious for everyone to ac- 
cept that this anomaly is a conclusive evidence of physics beyond the SM, 
let alone to commit to an interpretation such as supersymmetry. 


4.3. Measuring Parameters 


A key element of the discovery programme at the LHC will be improving 
the accuracy of the SM parameters, and measuring, as precisely as possible, 
the parameters of the new physics that will hopefully be discovered. The 
relation between Miop, Mw, sinfOw and My is an important prediction 
of the SM, and deviations from it should be accounted for by the effects 
of new physics. And in presence of new physics, the values of the new 
particles’ masses and couplings will be the starting point to reconstruct the 
new theory. 

This is an area where the ability of theory to describe the final states 
is crucial. Couplings will be extracted from the determination of produc- 
tion cross sections, branching ratios, or angular distributions. Masses will 
mostly be obtained via direct kinematical reconstructions. In all cases, an 
accurate modeling of both the SM backgrounds, which contaminate and 
deform the signal distributions, and of the signals, will be required. 

Cross sections are obtained by counting events. Since the analyses 
defining a given signal have always selection cuts, to go from event counts 
to a cross section one has to model the acceptance and efficiency of those 
cuts. These depend on the details of the production process, something 
that only a theoretical calculation can provide. This implies that the cal- 
culations should not only provide a precise value of the total cross section 
of a given process, but also of the kinematical distributions that are used in 
the experimental analysis. For example, in the case of the W or Z cross sec- 
tion one needs the precise form of the pr and rapidity spectra of the decay 
leptons [38]. The problem with this is that typical higher-order calculations 
are more easily done at the total cross section level, to benefit from the full 
inclusivity of the final state and more easily enforce the cancellation of the 
divergencies that appear separately in the real and in the virtual corrections. 
A great amount of work has therefore been invested recently in developing 
techniques capable of delivering the same perturbative accuracy both at the 
level of total cross sections and at the level of distributions (for a review 
of recent developments in higher-order perturbative QCD calculations, see 
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e.g. Ref. [4]). For example, the full next-to-next-to-leading-order (NNLO) 
calculation of the lepton distributions in pp > (W — év)+ X was recently 
completed, in Ref. [39]. Their conclusion is that the inclusion of NNLO 
corrections is necessary to control the rates at the level of few percent. This 
is required, for example, for the extraction of the LHC absolute luminosity 
at a similar level of precision. Such an accurate knowledge of the luminosity 
is the prerequisite for the precise measurement of all other cross sections, 
including those of interesting new processes. More recently, even the calcu- 
lation of rates for some Higgs final states has reached a full NNLO precision 
for realistic leptonic observables [40] . 

Purely leptonic observables, where the leptons arise from the decay of 
non-strongly interacting particles, make it possible to fully integrate over 
the strongly interacting components of the events and, experimentally, en- 
joy a reduced dependence on the full hadronic structure. Under these 
circumstances, the use of parton-level calculations for realistic studies is 
legitimate (see e.g. Ref. [41] for a discussion of pp > H —> WW — vv). 

Precision measurements of observables directly sensitive to the hadronic 
component of the events are typically more demanding. A good example 
of the difficulties that are encountered in these cases is given by the mea- 
surement of the top quark mass. In hadronic collisions the top quark mass 
can only be measured by reconstructing, directly or indirectly, the total in- 
variant mass of its decay products. Due to the large phase-space available, 
top quark pairs are always produced well above their kinematical threshold. 
One cannot therefore use techniques such as those available in e+ e~ colli- 
sions, where the mass of a new particle can be deduced from an energy scan 
at the production threshold. Furthermore, contrary again to ete” collisions 
where a top-quark pair at threshold is produced without any other object, 
in the pp case the top pair is always accompanied by both the fragments 
of the colliding protons, and by the multitude of hadrons that are radiated 
off as the incoming quarks or gluons that will fuse into tt approach each 
other (initial-state radiation). It is therefore impossible to exactly decide 
which ones among the many particles floating around originate from the 
top decays, and have to be included in the determination of the top invari- 
ant mass, and which ones do not. As an additional obstacle, the top quark 
is coloured, it decays before hadronizing, but the detected decay products 
must be colour-singlet hadrons. This implies that at some stage during the 
evolution of the quarks and gluons from the top decay they will have to pair 
up with at least one antiquark drawn from the rest of the event, to ensure 
the overall colour neutrality of the final state. There is therefore no way, 
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as a matter of principle, that we can exactly measure on an event-by-event 
basis the top quark mass. The best that we can do is to model the overall 
production and decay processes, and to parameterize a set of determined 
observables as a function of the input top quark mass. For example, such 
an observable could be the invariant mass of three jets, assuming one of 
them comes from the evolution of the b quark, and the other two from the 
decay of the W. This modeling cannot be achieved with parton-level tools, 
regardless of their perturbative accuracy. A full description of the final 
state is required, including the non-perturbative modeling of both the fate 
of the proton fragments and of the transition turning partons into colour- 
singlet hadrons. With the current level of experimental uncertainties [42 
ON Miop, at the 2 GeV level, we are approaching the level where the the- 
oretical modeling [43] is not validated by a direct comparison with data. 
At the LHC, where the experimental uncertainties could be reduced below 
the 1 GeV level, theory will be the dominant source of systematics. Ob- 
servables will have to be identified that will allow a validation and tuning 
of this systematics, in the same way that analogous problems had to be 
addressed for the determination of the W mass at LEP. This is an area 
where the Tevatron statistics are too small to allow any progress, and all 
the work will be left to the LHC. Needless to say, all of this work will benefit 
the precise measurement of the masses of possible new particles decaying 
to quarks and gluons. 


4.4. Conclusions 


Advanced MC tools for the description of the SM, and for the isolation of 
possible new physics at the LHC, are becoming mature. Validation and 
tuning efforts are underway at the Tevatron, and show that a solid level 
of understanding of even the most complex manifestations of the SM are 
well under control. The extrapolation of these tools to the energy regime 
of the LHC is expected to be reliable, at least in the domain of expected 
discoveries, where the energies of individual objects (leptons, jets, missing 
energy) are of order 100 GeV and more. However, the consequences of 
interpreting possible discrepancies as new physics are too important for 
us to blindly rely on our faith in the goodness of the available tools. An 
extensive and coherent campaign of MC testing, validation and tuning at 
the LHC will therefore be required. Its precise definition will probably 
happen only once the data are available, and the first comparisons will give 
us an idea of how far off we are and which areas require closer scrutiny. 
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Ultimately the burden, and the merit, of a discovery should and will 
only rest on the experiments themselves! The data will provide the theo- 
rists guidance for the improvement of the tools, and the analysis strategies 
will define the sets of control samples that can be used to prepare the 
appropriate and reliable use of the theoretical predictions. 

Aside from the discovery of anticipated objects like the W, Z and the 
top, we have never faced with high-energy colliders the concrete situation 
of a discovery of something beyond the expected. In this respect, we are 
approaching what the LHC has in store for us without a true experience of 
discovering the yet unknown, and we should therefore proceed with great 
caution. All apparent instances of deviations from the SM emerged so far 
in hadronic or leptonic high-enegy collisions have eventually been sorted 
out, thanks to intense tests, checks, and reevaluations of the experimental 
and theoretical systematics. This shows that the control mechanisms set in 
place by the commonly established practice are very robust. 

Occasionally, this conservative approach has delayed in some areas of 
particle physics the acceptance of true discoveries, as in the case of Davies’s 
neutrino mixing, and as might turn out to be the case for the muon anomaly. 
But it has never stopped the progress of the field, on the contrary, it has en- 
couraged new experimental approaches, and has pushed theoretical physics 
to further improve its tools. 

The interplay between excellent experimental tools, endowed with the 
necessary redundancy required to cross-check odd findings between differ- 
ent experiments and different observables, and a hard-working theoretical 
community, closely interacting with the experiments to improve the mod- 
eling of complex phenomena, have provided one of the best examples in 
science of responsible and professional modus operandi. In spite of all the 
difficult challenges that the LHC will pose, there is no doubt in my mind 
that this articulated framework of enquiry into the yet unknown mysteries 
of nature will continue providing compelling and robust results. 
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Some thoughts of a former particle physicist. 


It is an ancient Mariner, 
And he stoppeth one of three. 

‘By thy long beard and glittering eye, 
Now wherefore stopp’st thou me? 
The Bridegroom’s doors are opened wide, 
And I am neat of kin; 

The guests are met, the feast is set: 
May’st hear the merry din.’ 

He holds him with his skinny hand, 
‘There was a ship,’ quoth he. 
‘Hold off! unhand me, grey-beard loon!’ 
Eftsoons his hand dropt he. 


Samuel Taylor Coleridge 
The Rime of the Ancient Mariner 


5.1. The Landscape 


Indeed, the feast has been set, but I have been away from the table for a 
long time. It’s been about 25 years since I drifted from particle physics, 
on a different voyage, to the land of black holes, quantum gravity, string 
theory, and cosmology. But now the “merry din” has drawn me back, if 
not as a participant, at least as a very interested observer. 
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Here’s what I think about the seemingly endless period of waiting: Some 
people may feel that not much happened during the “long wait,” but I don’t 
agree. The focus on the “fundamental” questions that I listed above, has 
hugely changed our (or at least my) perspective on high-energy physics. 
There is also reason for optimism about the other side of the coin; namely, 
that the things we learn at the LHC will provide plenty of food for thought 
about the fundamental questions. 

For me the biggest change of perspective involves the Landscape. Let’s 
begin with a biological analogy: Suppose that theoretical biologists had 
figured out the DNA-theory of biological information-coding long before 
there was any detailed knowledge of genetics. Actually it’s not that far 
fetched; Von Neumann had guessed a great deal of it in the 1940’s. Further, 
suppose that the only thing these biologists had to work with was a handful 
of fossil bones from a single creature, out of which they hoped to reconstruct 
the details of the human genome. It would be very tough for a number of 
reasons. 

The biggest difficulty would be the sheer number of possibilities; the 
“Landscape of Biological Designs” is unbelievably large, involving numbers 
far beyond googols. A human DNA molecule has about a billion base pairs 
so the number of possibilities is something like 41:000,000,000. Even if we only 
counted whole genes the number would be at least 10'°°°. Furthermore, 
the structure of the few available bones only involves a tiny fraction of the 
genetic material. It would be very difficult to guess much about the genes 
which determine the brain, the gall bladder or the eye. 

Now turn to String Theory and its rules for compactification. Like the 
rules governing DNA molecules, the rules for compactification are relatively 
simple, but the various basic structures — Calabi Yau topology, wrapped 
branes, orbfolds, orientifolds, and fluxes, like the base pairs of DNA, can 
be assembled in an astonishing number of ways. 

The difficulties that physicists face in reconstructing the Universal (as in 
universe) DNA are obvious: First of all our experiments are very crude, on a 
scale many orders of magnitude larger than the DNA structures themselves. 
Furthermore, in several ways, we are restricted to a minute fraction of the 
necessary information for figuring out the exact details of the genome. Like 
the biologists who had a few features of a single creature, we only have 
access to a few properties of a single bubble of space. The fictitious bio- 
logists have a problem: the available bone fragments are only sensitive to a 
small fraction of the genome and have little or no information about most of 
the genetic material. The problem for physics is that the experiments that 
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we can do — those that are actually possible — explore only a small part of 
the compactification-manifold. Roughly speaking, the standard model may 
live on a few isolated branes localized in some small region of the Calabi Yau 
space. Nothing that can be done with our present instruments can excite 
other, perhaps more distant degrees of freedom. A typical CY manifold 
together with its fluxes and branes may have a thousand variables, but 
physics below the GUT scale is only sensitive to a few tens of parameters. 

Do we really know that there are many more compactification variables 
than those that determine the standard model (or the MSSM)? Here is 
where the cosmological constant comes in. The vacuum energy is the one 
thing that is sensitive to all the various components of the compactifica- 
tion. From the fact that a vacuum exists with a cosmological constant of 
order 1071? M$, one might surmise that the number of vacua is huge, im- 
plying that the number of degrees of freedom is much larger than the set 
of standard-model constants. If all of this is true then we are never going 
to know the precise genome — topology, branes, fluxes — of our universe. 
But we probably don’t really care. 

If we can’t find out everything about our own local vacuum, let alone 
the entire Landcape, what is it that we do want to know? I can’t speak for 
anyone else, but what I want is to be more certain of the basic principles: is 
string theory right? Is the Landscape correct? Is there a Multiverse? Will 
black holes cause a breakdown of quantum mechanics? Which features 
of the world are environmental or anthropic, which are hard wired and 
which are completely accidental? Why is there a hierarchy of scales? Does 
supersymmetry play a role as many of us believe? Do axions resolve the CP 
puzzle? At present we simply don’t have enough information to be sure of 
the principles. But there is little doubt that the LHC will tell us a lot more: 
it may even bear on some fundamental problems of black hole physics. 


5.2. The Hierarchy 


The primary focus of the LHC will be on the hierarchy problem: why is 
there a huge gap between the Planck or GUT scale, and the weak scale? 
As far as I know there are only two answers on the table. The first is fine 
tuning: the hierarchy problem would then be similar to the the cosmological 
constant problem. According to this view the magnitude of the hierarchy 
varies on the Landscape (and in the multiverse), and a small fraction of 
Landscape is selected anthropically. Indeed it is hard to imagine life in a 
universe in which the scale of chemistry is anywhere near the Planck scale. 
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The anthropic explanation would be the top contender if the LHC discovers 
nothing beyond the standard model. 

But there is a big difference between the electroweak hierarchy and the 
CC. The anthropic explanation of the cosmological constant was a last 
resort: after at least half a century of thought no one ever found a natu- 
ral mechanism for insuring that the vacuum energy as small as it is. By 
contrast, there is a very plausible mechanism that needs no fine tuning for 
creating a hierarchy between the Planck and weak scales. The trick — I 
will call it Technicolor — is always the same although it comes in various 
versions. 

According to the Technicolor hypothesis, either directly or indirectly 
the hierarchy is generated by dynamical evolution (or renormalization 
group flow) of a small coupling constant, which eventually becomes large 
enough to go nonlinear. The pattern is familiar from QCD where the 
coupling gê, defined at some small distance scale ro, grows as r increases 
according to 


2 9 
g(r) = T— egf log(r/¥o) (5.1) 
When r becomes of order ro exp (1/cg@), the running coupling g? becomes 
of order 1, and nonlinear dynamical effects can spontaneously break sym- 
metries. 

The simplest Technicolor theory makes use of a clone of QCD, coupled 
to the electroweak sector exactly like QCD itself. The only difference is that 
that the scale of chiral symmetry breaking in the Technicolor sector is raised 
to the electroweak scale. The spontaneous breaking of chiral symmetry 
breaks SU(2) x U(1). To put it another way, the Higgs sector is composed 
of composites analogous to pions and sigma mesons of QCD. 

In its most straightforward version the Technicolor theory is ruled out 
by a variety of constraints including high precision electroweak data and 
the difficulty of generating quark masses consistent with the GIM mecha- 
nism. From time to time the theory is resurrected in various forms. One 
very interesting example is the Randall Sundrum model based on a five 
dimensional ADS-like warped geometry. 

The holographic duality between the bulk 5D theory and 4D gauge 
theory implies that the R-S theory must be equivalent to some version 
of Technicolor in which the running of the TC coupling is equivalent to 
the warping of the 5D geometry. The infrared brane at which the Higgs 
sector is located translates directly to the confinement scale at which the 
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composite Higgs sector is generated. One should expect that the problems 
of the simple TC theory will be inherited by the 5D holographic theory. 
However it is entirely possible that the warped perspective may suggest 
new solutions of those problems. In any case the existence of a strongly 
interacting sector, directly generating weak symmetry breaking, should be 
testable but I have to say that it seems an unlikely possibility to me. 

Low energy Supersymmetry offers a far more interesting option. I won’t 
go into any detail about the MSSM — others can do that much better than 
I — but discuss the implications for the fundamental questions that I have 
been interested in. First let me point to the very well known fact that 
low energy Supersymmetry, when combined with “Grand Unification” (of 
SU(3) x SU(2) x U(1) into something like SU(5) or O(10)) leads to the 
miracle of gauge couplings unifying somewhere near the Planck scale. If 
supersymmetry is discovered it will once and for all eliminate the idea that 
gravity is not crucial to an understanding of elementary particles. 

What does low energy Supersymmetry tell us about the DNA of the 
universe? Among other things it supports the idea of extra dimensions — 
an idea which in my opinion hardly needs support. From the beginning, 
in just about every theory of elementary particles, the distinction between 
different particles is due to their motion in various compact spaces. Isospin 
space, color space, the phase conjugate to electric charge, are all examples. 
The topology and other features of these internal spaces is what I call the 
DNA of the universe. 

The discovery of Supersymmetry would add to the list of internal direc- 
tions of space with an fascinating new kind of “Grassman” dimension that 
gives rise to the distinction between fermions and bosons. Although Super- 
symmetry may be possible without string theory; and given the diversity 
of the Landscape, String Theory may be possible without (low energy) 
Supersymmetry; it would be hard to not see the experimental discovery of 
superpartners as an encouraging sign for String Theory. 

Another important point about Supersymmetry if it exists, is that it 
would limit the possible layers of structure between accessible energies and 
the Planck scale. If physics follows the historical pattern then one might 
expect new layers of compositness every couple of decades of energy. In a 
way this would be discouraging: to see to the Planck scale we might have 
to look around ten corners, so to speak. But Supersymmetry and gauge 
unification allow very little which can couple directly to the standard model 
degrees of freedom. In other words the things we see at low energy would 
be direct reflections of the DNA at much smaller scales. 
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A major advantage of Supersymmetry — in fact the reason for its orig- 
inal introduction into phenomenology was the fact that it can stabilize the 
hierarchy.* Note that I said stabilize, not explain. In the ordinary standard 
model the hierarchy is not only unexplained, but it is very unstable. Fixing 
the weak scale to be 17 orders of magnitude below that Planck scale in 
the classical Lagrangian is not enough: radiative corrections will pull weak 
scale up to almost the Planck scale unless the parameters are exquisitely 
fine tuned. Amazingly, Supersymmetry causes the fermionic and bosonic 
degrees of freedom to cancel in the large radiative corrections to the Higgs 
parameters. Thus one can adopt a “set it and forget it” attitude to the 
Hierarchy; but Supersymmetry does not explain why there is such a large 
ratio of scales in the original theory. 

The most reasonable explanation of the weak hierarchy is that it is linked 
to the scale of supersymmetry breaking. This requires two not-so-obvious 
ingredients. The first is that the mass parameter in the Higgs potential 
(the so called y-term) should be forbidden by exact Supersymmetry, and 
therefore only generated at the Supersymmetry breaking scale. That, in 
itself, requires some juggling that I will come back to. 

Secondly, we need a mechanism to break Supersymmery, but only at low 
energy. As far as I know all of the viable mechanisms go back to the old 
“hidden sector” idea. The idea is that there is a gauge sector — call it Gy 
that is decoupled from the Standard Model degrees of freedom. In addition 
there are other degrees of freedom which bridge the gap, by carrying both 
Standard Model and Hidden degrees of freedom. 


“Historical note: As far as I know, the origin of the idea that Supersymmetry might 
explain the stability of the electroweak hierarchy was in Stanford University sometime 
in 1980. Savas Dimopoulos, Stuart Raby, and I were working on the straightforward 
version of Technicolor and running into trouble, particularly with strangeness changing 
neutral currents. The problems were getting bad enough that I suggested that we begin 
to think about other possibilities. In particular, I recalled a conversation that I had 
with Ken Wilson a few years earlier. During a brief visit to Cornell, I happened to 
ask Ken if he had heard anything interesting at some conference he had just returned 
from. His answer was that the only interesting thing had to do with Supersymmetry. 
I was surprised and asked what it was that he found interesting. His answer was the 
Supersymmetry allows scalars to be naturally massless. My response was, so what? 
Whereupon he mumbled something about the Higgs. 

Later on when simple Technicolor was failing, I realized what Ken’s point had been, 
namely, the stability of the hierarchy. I explained the point and Savas, Stuart, and I 
began to teach ourselves Supersymmetry. Eventually Savas and Stuart presented me 
with a mixed version of Supersymmetry and Technicolor called Supercolor but I didn’t 
much like it. In retrospect I am sorry that I refused to coauthor it. 


Thoughts on a Long Voyage 81 


According to the hidden sector theory, the primary Supersymmetry 
breaking is in the hidden sector, and it is then fed to the usual particles 
through the bridging degrees of freedom. But what causes the breaking of 
Supersymmetry in the hidden sector, and why does it occur at a scale much 
below the Planck scale? The likely answer is the hidden sector is a form of 
Technicolor. But instead of directly precipitating a breaking of electroweak 
symmetry, it induces a breaking of Supersymmetry, which is then linked to 
electroweak breaking. 

What does the existence of the hidden sector tell us about the DNA of 
the universe? I think that it mainly reinforces the idea that there is a lot 
more to the genetic code than just the parts that govern the standard model 
(or the MSSM). Incidentally, the same could be said about inflation — so 
far, the inflaton degrees of freedom seem to be quite outside the standard 
model. All of these diverse sectors may seem very inelegant, but they seem 
to fit with a complicated genome or compactification. 


5.3. Linkages 


There are a number of puzzles that are not answered by the pretty package 
of MSSM coupled to Gy, that many people rightly find disturbing. These 
puzzles may bear on the question of which features of laws of particle physics 
are environmental (anthropic?) and which are not. 

The first has to do with baryon number conservation or more precisely, 
the stability of the proton. First let me dispense with the obvious answer: 
could baryon number be an exact (global)symmetry of nature. There are 
several things that rather strongly argue against such a symmetry. 


(1) The observed baryon excess of the universe is best explained by baryon 
and CP violation in the early universe. 

(2) GUT theories generally have interactions which violate baryon number. 
Even in the standard model, the baryon current is anomalous. 

(3) String theory does not permit the existence of conserved global charges. 

(4) To me, the most convincing argument for baryon violation at some 
scale, comes from black hole physics. A black hole originally composed 
of a large number of baryons will eventually evaporate by Hawking 
radiation. For most of its life it is far to cold to emit anything 
but massless photons and gravitons. Thus the final evaporation pro- 
ducts must have far less baryon number than the original collapsing 
object. 
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If baryon number is violated, why doesn’t the proton decay, say to a 
positron and a photon, in a typical particle physics time scale? In the 
MSSM there are dimension 4 operators that would mediate such a rapid 
decay. The usual answer is that dimension 4 operators can easily be forbid- 
den by an unbroken discrete R-symmetry. But that only raises the question 
of why R-symmetry is not broken at the Supersymmetry breaking scale? 
In some portions of the Landscape, that is probably the case. 

For dimension 4 operators the most likely answer may be anthropic — 
our protons had better live for at least the age of the universe for us to be 
here. So dimension 4 operators are forbidden and the best way to do that 
is to invoke discrete R-symmetries. 

In the standard model there are dimension 6 operators that can mediate 
proton decay. But if their origin is at the GUT scale they will be too small 
(at low energy) to be a problem for proton stability. However, as Weinberg 
pointed out long ago, Supersymmetry creates a new potential problem, 
namely dimension 5 operators. Typically these lead to a proton lifetime 
much too long to be explained anthropically. A typical calculation of a 
dimension 5 decay gives a proton lifetime of order 10?° years. But while 
very long on the anthropic scale, it is much shorter than the observed bound 
of 10°4 years. As Banks and Dine have emphasized, there is no known 
selection principle that would force us to be at a point on the Landscape 
where the proton lifetime is that long. 

Let me come to another puzzle: why is the u-term (Higgs mass param- 
eter)forbidden above the Supersymmetry breaking scale? Supersymmetry 
itself does not forbid u, so a generic version of the MSSM might have u 
of order the GUT scale. That would unlink the Supersymmetry breaking 
scale from the electroweak scale and the hierarchy would be undone. 

The usual answer, which I have nothing to add to, is again a new discrete 
symmetry. Such symmetries are easily found but again, we may ask why 
nature chose a vacuum with such a discrete symmetry? 

This time the answer could easily be anthropic. Life, at least as we 
know it, cannot exist without a large hierarchy between the Planck and 
weak scale. Particular discrete symmetries may be rare, requiring rather 
special arrangements of the DNA. But anthropic selection would require 
such a symmetry to protect the y-term. 

This raises the question of “linkage.” Is it possible that the same sym- 
metry that protects the -term might also protect the proton lifetime by 
eliminating the offending dimension 5 operators? I don’t know any general 
answer but there is at least one example in the literature of such linkage. 
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A very puzzling fine-tuning, not explained by either the MSSM or anthropic 
selection, invovles the strong CP problem. The 6-parameter of QCD breaks 
CP-invariance unless is is zero. Experimentally, 0 is no bigger than 107°. 
Straightforward anthropic arguments cannot explain this: even 0 ~ 1 would 
not have much effect on life. The famous elegant solution to this problem is 
Peccei Quinn symmetry, which in turn entails the existence of an axion field. 

The problem is that a variety of observational and theoretical con- 
straints require the axion to be essentially massless in the early universe, 
even during inflation. This means that at reheating there is no reason why 
the axion field should be at the minimum of its (eventual) potential. The 
result is that when the axion becomes massive at the QCD scale, it will 
slosh around and fill the universe with too much dark matter — unless, 
by accident the value of the axion was originally very close to zero (the 
eventual minimum). 

It has been suggested that the explanation is anthropic. The argument 
begins by observing that inflation will “iron” out the axion field so that in 
our observable patch of space it will be very uniform. If we figure out why 
it is special at one point, it will be special everywhere in our observable 
region. But on very large scales inflation will allow the axion to vary, so 
that on the largest scales, the axion will take on every value in its (periodic) 
range. This raises the obvious question: is the amount of dark matter due 
to a generically oscillating axion, anthropically forbidden? 

According Tegmark, Aguirre, Rees, and Wilczek, the answer may be 
yes. These authors argue that any significant increase in the amount of 
dark matter in the universe would have prevented life from forming, and 
therefore, we must live in a place where the axion is near its minimum. 
Indeed, there best guess is that the axion field has to be so close its minimum 
that CP violation is undetectable. 

The conclusion is very attractive. My only problem with it is that it 
uses very strong assumptions about the conditions necessary for life. For 
example, the authors claim that too much dark matter would have caused 
an increase in the rate of stellar encounters which would have disrupted 
life. Maybe they are right but I wish the argument were more robust. 

Will the LHC illuminate this fundamental problem? Supersymmetry 
provides a very plausible non-axionic candidate for dark matter but it does 
not eliminate the CP problem. On the other hand if there is no Supersym- 
metry, the axion becomes the leading dark matter candidate. In neither 


84 L. Susskind 


case is the CP problem solved. Perhaps the solution of Tegmark, Aguirre, 
Rees, and Wilczek will become more convincing with time. 

Or maybe unexpected developments at the LHC will suggest an alter- 
nate solution to the CP problem, but I don’t know what it could be. 


5.4. Supersymmetry Breaking and the Landscape 


It is not easy to find spontaneously broken ground states of a supersym- 
metric theory. Running to strong coupling by no means guarantees that 
the “true vacuum” breaks Supersymmetry. Although there are examples, 
the phenomenon is non-generic. 

One of the big course-corrections triggered by the Landscape and the 
discovery of a positive cosmological constant, is the recognition that our 
vacuum is probably not absolutely stable. Most likely the only stable vacua 
in a theory with gravity are supersymmetric, which means they either have 
vanishing or negative cosmological constant. Certainly this seems to be true 
in the String Theory Landscape. These facts have dramatically broadened 
the search for vacua to include metastable states — something that was 
frowned on in the past. Moreover, it has become clear, particularly from 
the recent work of Intrilligator, Shih, and Seiberg, that metastable vacua are 
a very generic feature of strongly coupled supersymmetric theories. I think 
it is fair to say that low energy supersymmetry almost forces the existence 
of a Landscape of metastable vacua, and this has enormous implications 
for fundamental issues of cosmology. 

To see the implications, consider the decay mechanism of a metastable 
vacuum. Vacuum decay is not something that happens globally, i.e., every- 
where at once: that would violate causality. Instead, bubbles of more stable 
vacua nucleate locally. But if the bubble nucleation rate is slower than the 
Hubble expansion rate, the growing bubbles cannot catch up to one another, 
so that most of the universe continues to inflate. Thus, the experimental 
identification of the mechanism of Supersymmetry breaking can inform us 
about a profound cosmological issue: is the universe eternally inflating and 
therefore really a multiverse? 


5.5. Black Holes at the LHC? 


Much of my own effort during the last 25 years concerned the paradoxical 
quantum properties of black holes. Although the problems raised in the 
mid 1970’s by Stephen Hawking threatened the consistency of quantum 
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mechanics at high energy, they seemed extremely remote from the day to 
day issues of experimental physics. Surprisingly, this may not be the case. 
I am told that approximately ten percent of the LHC running time will be 
devoted to testing black hole quantum physics. 

I am not talking about new theories that place the string or Planck scale 
at afew TEV’s, but rather an old theory, in which the string scale is a frac- 
tion of a GEV. String theory started as a theory of hadrons, where it was 
very successful at explaining the properties of these rather pedestrian par- 
ticles; including the long sequences of resonances called Regge trajectories; 
and also the confinement of quarks. Hadrons are certainly strings: there 
is little doubt of that. But what is the connection between String Theory 
as a theory of hadrons, and String Theory as a theory of gravity? Origi- 
nally it was thought that the connection was just an analogy: something 
like the analogy between an atom and the solar system. But now we know 
better. The discovery of gauge-theory/gravity duality implies hadrons are 
fundamental strings in a world of five dimensional quantum gravity. 

Ordinary weakly coupled fundamental string theory, of the kind that 
you read about in String Theory textbooks, is not really a theory of Planck 
scale phenomena. Rather it is a theory of string-scale phenomena. The 
Planck scale in string theory is an entirely different scale of energies at which 
excited strings become so tangled and dense, that interactions become too 
strong to study by perturbation theory. It is also the scale at which black 
holes become the dominant form of matter. The parallel between hadronic 
String Theory and “fundamental” String Theory, requires that hadronic 
matter should behave like black holes at high energy, albeit, black holes in 
five dimensions. 

Roughly speaking, the 5D picture is something like this: The extra 
dimension of space is finite in extent, extending from a so-called Planck 
or ultraviolet brane, to an infrared brane. Think of the UV brane as the 
ceiling and the IE brane as the floor. The 5D bulk is the region in between, 
and just as the analogy suggests, there is a gravitational field pulling matter 
toward the floor. 

Hadrons are simple low energy string-like objects that slide along the 
floor, but when they collide at high energy they create a huge thermally 
excited tangle of string. The large energy allows the tangle to extend some- 
what upward toward the ceiling. Translated into four dimensional terms, 
the stringy matter becomes thermally excited: the higher the energy, the 
higher the temperature, or equivalently, the closer to the ceiling. But then 
the matter cools, spreading out on the floor like a puddle of fluid held 
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down by gravity. From the four dimensional perspective the puddle is the 
quark-gluon fluid-like plasma. But the amazing thing is that from the five 
dimensional viewpoint, the puddle is a black hole, and the surface is its 
horizon. The puddle always cools to the same temperature, about the de- 
confinement temperature. 

Experiments at RHIC have lent support to the horizon-like behavior of 
the fluid created in a high-energy heavy ion collision, but the puddle of 
energy is relatively small and evaporates quickly. I believe that some theo- 
retical studies suggest that at higher energies, the quark-gluon plasma may 
form larger puddles. The hot fluid does not evaporate in the vertical (floor 
to ceiling 5th dimension) direction, because gravity pulls the evaporation 
products back down to the puddle. The evaporation takes place only out 
the sides, in the horizontal (3D) directions. But at RHIC the puddles are 
small and have large surface to volume ratio. Thus they decay quickly. 

At the LHC the collision between heavy ions will be much higher in en- 
ergy than at RHIC, and will produce a larger volume of fluid when it cools 
to the de-confinement temperature. This may give a much better opportu- 
nity to study the puddle and compare it with the theoretical predictions of 
gauge/gravity duality. Although obviously not the primary mission of the 
LHC, the big machine will be an interesting quantum gravity laboratory. 

Thus I hope I have made my case that the long period of waiting, 
during which many theorists focused on what seemed like very esoteric 
questions, has not been in vain. We stand now not just to learn more 
about elementary particles, but to see the subject in a new light with a much 
deeper appreciation of its connection with the very fundamental questions. 
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The LHC will be a top-quark factory. With 80 million pairs of top 
quarks and an additional 34 million single tops produced annually at the 
designed high luminosity, the properties of this particle will be studied to 
a great accuracy. The fact that the top quark is the heaviest elementary 
particle in the Standard Model with a mass right at the electroweak 
scale makes it tempting to contemplate its role in electroweak symmetry 
breaking, as well as its potential as a window to unknown new physics 
at the TeV scale. We summarize the expectations for top-quark physics 
at the LHC, and outline new physics scenarios in which the top quark 
is crucially involved. 


6.1. Brief Introduction 


The top quark plays a special role in the Standard Model (SM) and holds 
great promise in revealing the secret of new physics beyond the SM. The 
theoretical considerations include the following: 


e With the largest Yukawa coupling y ~ 1 among the SM fermions, 
and a mass at the electroweak scale mz ~ v/v2 (the vacuum expec- 
tation value of the Higgs field), the top quark is naturally related to 
electroweak symmetry breaking (EWSB), and may reveal new strong 
dynamics [1]. 

e The largest contribution to the quadratic divergence of the SM Higgs 
mass comes from the top-quark loop, which implies the immediate need 
for new physics at the Terascale for a natural EW theory [2], with SUSY 
and Little Higgs as prominent examples. 
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e Its heavy mass opens up a larger phase space for its decay to heavy 
states Wb, Zq, H°*q, etc. 

e Its prompt decay much shorter than the QCD scale offers the oppor- 
tunity to explore the properties of a “bare quark,” such as its spin and 


mass. 


Top quarks will be copiously produced at the LHC. The production and 
decay are well understood in the SM. Therefore, detailed studies of the top- 
quark physics can be rewarding for both testing the SM and searching for 
new physics [3]. 


6.2. Top Quark in The Standard Model 


In the SM, the top quark and its interactions can be described by 
= M- m > 
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Besides the well-determined gauge couplings at the electroweak scale, the 
other measured parameters of the top quark are listed in Table 6.1. 


Table 6.1. Experimental values for the top quark parameters [4]. 


mz (pole) Vio [Vts] [Vzal 


(172.7 + 2.8) GeV >0.78 (40.6 2.6) x 1073 (7.4 0.8) x 10-3 


The large top-quark mass is important since it contributes significantly 
to the electroweak radiative corrections. For instance, the one-loop correc- 
tions to the electroweak gauge boson mass can be cast in the form 
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With the m, value in Table 6.1, the best global fit in the SM yields a Higgs 


mass my = 89138 GeV [4]. The recent combined result from CDF and DO 
at the Tevatron Run II gave the new value [5] 


m: = 171.4 + 2.1 GeV. (6.3) 


The expected accuracy of m, measurement at the LHC is better than 1 
GeV [6], with errors dominated by the systematics. 
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To directly determine the left-handed V-A gauge coupling of the top 
quark in the weak charged current, leptonic angular distributions and W 
polarization information would be needed [7]. No direct measurements are 
available yet for the electroweak neutral current couplings, gj; = T3/2 — 
Qi sin? Ow, gi, = —T3/2 and Qi = +2/3, although there are proposals to 
study then via the associated production processes tty, ttZ [8]. The indirect 
global fits however indicate the consistency with these SM predictions. 


6.2.1. Top-quark decay in the SM 


Due to the absence of the flavor-changing neutral currents at tree level in 
the SM (the Glashow-Iliopoulos-Maiani mechanism), the dominant decay 
channels for a top quark will be through the weak charged-currents, with 
the partial width given by [9] 

= [Via m} 
161? 


where rw = Mj,/m?. The subsequent decay of W to the final state leptons 
and light quarks is well understood. Two important features are noted: 


I(t - Wtq) (1—ryw)?(1 4+ 2rw) }1 — —*(—— - =)|, (6.4) 


e Since |Vis| > |Vial, |Vis|, a top quark will predominantly decay into a 
b quark. While Vis, Vig may not be practically measured via the top- 
decay processes, effective b-tagging at the Tevatron experiments has 


served to put a bound on the ratio 
Blt > Wo) _ Val? ae 
Bit Wq) |Vial? + |Vis|? + [Veo |?’ l 
that leads to the lower bound for |V;| in Table 6.1. 
Perhaps the most significant aspect of Eq. (6.4) is the numerics: 


T(t 3 Wtg) ~ 1.5 GeV ~ > Agcp ~ 200 MeV. 


1 
0.5 x 10-4 s 
This implies that a top quark will promptly decay via weak interaction 
before QCD sets in for hadronization [10]. So no hadronic bound states 
(such as tt, tq, etc.) would be observed. The properties of a “bare 
quark” may be accessible for scrutiny. 


It is interesting to note that in the top-quark rest frame, the longitudinal 
polarization of the W is the dominant mode. The ratio between the two 
available modes is 

T(t ace br W)-=0) m? 


Ty = (6.7) 
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Fig. 6.1. Top-quark pair production in hadronic collisions via QCD interaction. This 
figure is taken from Ref. [11]. 


6.2.2. Top-quark production in the SM 
6.2.2.1. tt production via QCD 


Historically, quarks were discovered via their hadronic bound states, most 
notably for the charm quark via J/y(ēc) and bottom quark via Y (bb). Due 
to the prompt decay of the top quark, its production mechanisms and search 
strategy are quite different from the traditional one. 

The leading processes are the open flavor pair production from the QCD 
strong interaction, as depicted in Fig. 6.1. The contributing subprocesses 
are from 


qd, gg > tt. (6.8) 
The cross sections have been calculated rather reliably to the next-to- 
leading order [12] and including the threshold resummations [13, 14], as 
given in Table 6.2. 


Table 6.2. Cross sections, at next-to-leading-order in QCD, for 
top-quark production via the strong interaction at the Tevatron 
and the LHC [14]. Also shown is the percentage of the total cross 
section from the quark-antiquark-annihilation and gluon-fusion 


subprocesses. 
gg > tt 
Tevatron (/s = 1.8 TeV pp) | 4.87 + 10% 10% 
Tevatron (y5 = 2.0 TeV pp) | 6.70+ 10% 15% 
LHC (v5 = 14 TeV pp) 803 + 15% 90% 


Largely due to the substantial gluon luminosity at higher energies, the tt 
production rate is increased by more than a factor of 100 from the Teva- 
tron to the LHC. Assuming an annual luminosity at the LHC of 1034 cm~? 
s71 + 100 fb~!/year, one expects to have 80 million top pairs produced. 
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Fig. 6.2. (a) Invariant mass distribution of tt at the LHC and (b) integrated cross 
section versus a minimal cutoff on m(tt). Decay branching fractions of one top decaying 
hadronically and the other leptonically (e, u) have been included. 


It is truly a “top factory.” In Fig. 6.2(a), we plot the invariant mass distri- 
bution, which is important to understand when searching for new physics 
in the tt channel. Although the majority of the events are produced near 
the threshold m(tt) ~ 2m, there is still a substantial cross section even 
above m(tt) ~ 1 TeV, about 5 pb. This is illustrated in Fig. 6.2(b), where 
the integrated cross section is given versus a minimal cutoff on m(tt) and 
decay branching fractions of one top decaying hadronically and the other 
leptonically have been included. 

It should be noted that the forward-backward charge asymmetry of the 
tt events can be generated by higher order corrections, reaching 10 — 15% 
at the partonic level from QCD [15] and 1% from the electroweak [16]. 


6.2.2.2. Single top production via weak interaction 


As discussed in the last section, the charged-current weak interaction is 
responsible for the rapid decay of the top quark. In fact, it also participates 
significantly in the production of the top quark as well [17]. The three 
classes of production processes, s-channel Drell-Yan, t-channel Wb fusion, 
and associated Wt diagrams, are plotted in Fig. 6.3. Two remarks are in 
order: 


e The single top production is proportional to the quark mixing element 
|V|? and thus provides the direct measurement for it, currently [18] 
0.68 < |Væ| < 1 at the 95% C.L. 
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Fig. 6.3. Single top-quark production in hadronic collisions via the charged-current 
weak interaction. This figure is taken from Ref. [11]. 


e The s-channel and ¢t-channel can be complementary in the search for 
new physics such as a W” exchange [19]. 


For the production rates [20-24], the largest of all is the t-channel Wb 
fusion. It is nearly one third of the QCD production of the tt pair. Once 
again, it is mainly from the enhancement of the longitudinally polarized 
W. The total cross sections for these processes at Tevatron [23] and LHC 
energies [24] are listed in Table 6.3 [20-22]. We see the typical change of the 
production rate from the Tevatron to the LHC: A valence-induced process 
(DY-type) is increased by about an order of magnitude; while the gluon- 
or b-induced processes are enhanced by about a factor of 100. 


Table 6.3. Cross sections, at next-to-leading-order in QCD, for 
top-quark production via the charged current weak interaction at 
the Tevatron and the LHC. 


= 
Tevatron (ys = 2.0 TeV pp) | 0.90 +5% | 2.145% 
LHC (V3 = 14 TeV pp) | 10.6+5% | 250 +5% 


6.2.2.3. Top quark and Higgs associated production 


Of fundamental importance is the measurement of the top-quark Yukawa 
coupling. The direct probe to it at the LHC is via the processes 


qq, gg — ttH. (6.9) 


The cross section has been calculated to the next-to-leading-order (NLO) 
in QCD [25, 26] and the numerics are given in Table 6.4. The cross section 
ranges are estimated from the uncertainty of the QCD scale. 

The production rate at the LHC seems quite feasible for the signal ob- 
servation. It was claimed [27] that a 15% accuracy for the Yukawa coupling 
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Table 6.4. Total cross section at the NLO in 
QCD for top-quark and Higgs associated pro- 
duction at the LHC [26]. 


measurement may be achievable with a luminosity of 300 fb~!. However, 
the potentially large backgounds and the complex event topology, in par- 
ticular the demand on the detector performance, make the study very chal- 
lenging [28]. 


6.3. New Physics in Top-Quark Decay 


The high production rate for the top quarks at the LHC provides a great 
opportunity to seek out top-quark rare decays and search for new physics 
Beyond the Standard Model (BSM). Given the annual yield of 80 million 
tt events plus 34 million single-top events, one may hope to search for rare 
decays with a branching fraction as small as 1076. 


6.3.1. Charged current decay: BSM 


The most prominent examples for top-quark decay beyond the SM via 
charged-currents may be the charged Higgs in SUSY or with an extended 
Higgs sector, and charged technicolor particles 


t—+Htb, hb. (6.10) 


Experimental searches have been conducted at the Tevatron [29], and some 
simulations are performed for the LHC as well [8, 30]. It is obvious that 
as long as those channels are kinematically accessible and have a sizable 
branching fraction, the observation should be straightforward. In fact, the 
top decay to a charged Higgs may well be the leading channel for H= 
production. 


More subtle new physics scenarios may not show up with the above 
easy signals. It may be desirable to take a phenomenological approach 
to parameterize the top-quark interactions beyond the SM [7, 31], and 
experimentally search for the deviations from the SM. Those “anomalous 
couplings” can be determined in a given theoretical framework, either from 
loop-induced processes or from a new flavor structure. One can write the 
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interaction terms as 


Leas a (E+ 8L)" PrqW; + f6ry"PrqW,)+h.c. (6.11) 


The expected accuracy of the measurements on ôz, r is about 1% [3, 31], 
thus testing the top-quark chiral coupling. 


6.3.2. Neutral current decay: BSM 


Although there are no Flavor-Changing Neutral Currents (FCNC) at tree 
level in the SM, theories beyond the SM quite often have new flavor struc- 
ture, most notably for SUSY and technicolor models. New symmetries or 
some alignment mechanisms will have to be utilized in order to avoid ex- 
cessive FCNC. It is nevertheless prudent to keep in mind the possible new 
decay modes of the top quark such as the SUSY decay channel 


t> tx. (6.12) 


Generically, FCNCs can always be generated at loop level. It has been 
shown that the interesting decay modes 


t— Zc, He, ye, ge (6.13) 


are highly suppressed [32, 33] with branching fractions typically 10713 — 
101° in the SM, and 1077 — 1075 in the MSSM. It has been shown that 
the branching fractions can be enhanced significantly in theories beyond 
the SM and MSSM, reaching above 10~° and even as high as 1% [34]. 

One may again take the effective operator approach to parameterize the 
interactions. After the electroweak symmetry breaking, one can write them 
as [35-37] 


g z 
z 5 „BHP, qZu + h.c. 14 
LNno F080 - Krty” Pr qZy c (6.14) 


=+,q=c,u 


kl _ Kr 
tgs JO tom TGS, +eQi J, gto tAm thc. (6.15) 


q=c,u q=c,u 


The sensitivities for the anomalous couplings have been studied at the 
LHC by the ATLAS Collaboration [38], as listed in Table 6.5. 
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Table 6.5. 95% C.L. sensitivity of the 


branching fractions for the top-quark de- 
cays via FCNC couplings at the LHC [38]. 
Channel 10 fb~? 100 fb~! 

t> Zq 3.1 x 1074 6.1 x 1075 
t— yq 4.1 x 107° 1.2 x 1075 
t— gq 1.3 x 1073 4.2 x 1074 


6.4. Top Quarks in Resonant Production 


The most striking signal of new physics in the top-quark sector is the res- 
onant production via a heavy intermediate state X. With some proper 
treatment to identify the top decay products, it is possible to reconstruct 
the resonant kinematics. One may thus envision fully exploring its proper- 
ties in the c.m. frame. 


6.4.1. X — tt, tb 


Immediate examples of the resonant states include Higgs bosons [39], new 
gauge bosons [40], Kaluza-Klein excitations of gluons [41] and gravitons 
[42], Technicolor-like dynamical states [1, 3, 43] etc. 

The signal can be generically written as 


o(pp > X > ti) = Dy | deidez fa MR, 1) (MR 20) 
ij 


3 An?(2J + 1) T(X > ij)B(X — tt) 


wl 
z Mx (6.16) 


Thus the observation of this class of signals depends on the branching frac- 
tion of X — tt as well as its coupling to the initial state partons. Figure 6.4 
quantifies the observability for a bosonic resonance (spin 0,1,2) for a mass 
up to 2 TeV at the LHC [44] via gg, gg — X — tt. The vertical axis gives 
the normalization factors (w) for the cross section rates needed to reach a 
5o signal with a luminosity of 10 fb~!. The normalization w = 1 defines 
the benchmark for the spin 0, 1 and 2 resonances. They correspond to the 
SM-like Higgs boson, a Z’ with electroweak coupling strength and left (L) 
or right (R) chiral couplings to SM fermions, and the Randall-Sundrum 
graviton h with the couplings scaled with a cutoff scale as AT! for had, 
and (A In(Mz,/A))~* for hgg, respectively. We see that a Z’ or a graviton 
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Fig. 6.4. Normalization factor versus the resonance mass for the scalar (dashed) with 
a width-mass ratio of 20%, vector (dot-dashed) with 5%, and graviton (solid) 2%, re- 
spectively. The region above each curve represents values of w that give 50 or greater 
statistical significance with 10 fb~! integrated luminosity. 


should be easy to observe, but a Higgs-like broad scalar will be difficult to 
identify in the tt channel. 

It is of critical importance to reconstruct the c.m. frame of the res- 
onant particle, where the fundamental properties of the particle can be 
best studied. It was demonstrated [44] that with the semi-leptonic decays 
of the two top quarks, one can effectively reconstruct the events in the 
c.m. frame. This relies on using the My constraint to determine the miss- 
ing neutrino momentum, while it is necessary to also make use of m, to 
break the two-fold ambiguity for two possible p,(v) solutions. Parity and 
CP asymmetries [45] can be studied. 

Top-quark pair events at the high invariant mass are obviously impor- 
tant to search for and study new physics. In this new territory there comes 
a new complication: When the top quark is very energetic, y = E/mą ~ 10, 
its decay products may be too collimated to be individually resolved by the 
detector — recall that the granularity of the hadronic calorimeter at the 
LHC is roughly An x Ag ~ 0.1 x 0.1. This is a generic problem relevant 
to any fast-moving top quarks from heavy particle decays [41, 44, 46] (see 
the next sections). The interesting questions to be addressed may include: 


e To what extent can we tell a “fat top-jet” from a massive QCD jet due 
to showering? 
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Fig. 6.5. Production of the top-quark partner T in pair and singly at the LHC versus 
its mass. The Yukawa coupling ratio A1/A2 has been taken to be 2 (upper dotted curve) 
1 (solid) and 1/2 (lower dotted), respectively. The TT pair production via QCD includes 
an NLO K-factor (dashed curve). 


e To what extent can we tell a “fat W-jet” from a massive QCD jet? 

e Can we make use of a non-isolated lepton inside the top-jet (bv) for 
the top-quark identification and reconstruction? 

e Can we do b-tagging for the highly boosted top events? 


These practical issues would become critical to understand the events and 
thus for new physics searches. Detailed studies including the detector effects 
will be needed to reach quantitative conclusions. 


6.4.2. T — tZ, tH, bW 


In many theories beyond the SM, there is a top-quark partner. These are 
commonly motivated by the “naturalness” argument, the need to cancel the 
quadratic divergence in the Higgs mass radiative correction, most severely 
from the top-quark loop. Besides the scalar top quark in SUSY, the most 
notable example is the Little Higgs theory [47]. If there is no discrete 
symmetry, the top partner T will decay to SM particles in the final state, 
leading to fully a reconstructable fermionic resonance. 

It was pointed out [48] that the single T production via the weak 
charged-current may surpass the pair production via the QCD interaction 
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Fig. 6.6. Observability for the decays (a) T — tZ and (b) T — bW at the ATLAS [49]. 


due to the longitudinal gauge boson enhancement for the former and the 
phase space suppression for the latter. This is shown in Fig. 6.5. Subsequent 
simulations [49] performed by the ATLAS collaboration demonstrated the 
clear observability for the signals above the backgrounds at the LHC for 
T — tZ, bW with a mass Mr = 1 TeV, as seen in Fig. 6.6. 


6.5. Top-Rich Events for New Physics 


Although the top-quark partner is strongly motivated for a natural elec- 
troweak theory, it often results in excessively large corrections to the low 
energy electroweak observables. In order to better fit the low energy mea- 
surements, a discrete symmetry is often introduced, such as the R-parity 
in SUSY, KK-parity in UED, and T-parity in LH [50]. The immediate 
consequence for collider phenomenology is the appearance of a new stable 
particle that may provide the cold dark matter candidate, and results in 
missing energy in collider experiments.* 


6.5.1. TT pair production 


The top partner has similar quantum numbers to the top quark, and thus 
is commonly assigned as a color triplet. This leads to their production 
in QCD 

qq, gg > TT. (6.17) 


a Alternatively, the breaking of the R-parity [51] or the T-parity [52] would lead to 
different collider phenomenology [53]. 
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Fig. 6.7. Leading order total cross section for the top partner TT production at the 
LHC versus its mass [54]. Both spin-0 and spin-1/2 top partners are included. The QCD 
tt and the SM ttZ backgrounds are indicated by the horizontal lines. 


The production cross section is shown in Fig. 6.7 for both spin-0 and spin- 
1/2 top partners. Although there is a difference of a factor of 8 or so (4 from 
spin state counting and the rest from threshold effects) in the cross sections, 
it is still challenging to tell a scalar and a fermionic partner apart [54-56] 
due to the lack of definitive features. 

Due to the additional discrete symmetry, the top partner cannot decay 
to a SM particle alone. Consequently, T — tA?, leading to tt pair pro- 
duction plus large mixing energy. The crucial parameter to characterize 
the kinematical features is the mass difference AMra = mr — ma. For 
AMra > mų, the top quark as a decay product will be energetic and qual- 
itatively different from the SM background. But if AMra ~ m, then the 
two will have very little difference, making the signal difficult to separate 
out. Depending on the top-quark decay, we present two classes of signals. 


6.5.1.1. tt pure hadronic decay 


For both tt to decay hadronically [55, 57], the signal will be 6 jets plus 
missing energy. While it has the largest decay rate, the backgrounds would 
be substantial as well. With judicious acceptance cuts, the signal observ- 
ability for AMra > 200 GeV was established, as seen in Fig. 6.8. Possible 
measurements of the absolute mass scale and its spin of the top partner 
were considered [54, 55], but the determination remains difficult. 
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Fig. 6.8. Contour in mz; — my for t — tN for the statistical significance of a scalar 
t at the LHC with an integrated luminosity of 100 fb~!. Purely hadronic decays are 
considered. 


6.5.1.2. tt semi-leptonic decay 


If one of the tt decays hadronically and the other decays leptonically, the 
signal may be cleaner. It turns out that if the mass difference AMra is 
sizable, then requiring large missing transverse energy may be sufficient to 
suppress the background. However, if AMra ~ m:, then the Ær for the 
signal is not much different from the background. On the other hand, the 
fact that the tt kinematics can be fully reconstructed in the SM implies 
that the reconstruction for the signal events would be distinctive due to 
the large missing mass. Indeed, the reconstructed mọ based on the Ær will 
be far away from the true mų, and mostly result in an unphysical value. If 
we impose 


[mi — m;| > 110 GeV, (6.18) 


we can reach optimal signal identification. The summary plot for the sta- 
tistical significance (the number of ø) is given in Fig. 6.9 at the LHC with 
an integrated luminosity of 100 fb~', where the left panel is for a fermionic 
T, and the right is a scalar ¢, both decaying to t+ a missing particle. 
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Fig. 6.9. Contour in mr — ma for T — tA for the statistical significance at the LHC 
with an integrated luminosity of 100 fb—!. Left panel is for a fermionic T, and the right 
is a scalar t, both decaying to a top plus a missing particle. 


6.5.2. Exotic top signatures 


Searching for exotic events related to the top quark can be rewarding. 
First, there exists a variety of natural electroweak models with distinctive 
top partners that should not be overlooked for collider phenomenology. 
Second, potentially large couplings of the top quark to new physics may 
result in multiple top quarks from new particle decays. Finally, the exotic 
events have less SM background contamination, and thus may stand out for 
discovery even at the early phase of the LHC. We briefly list a few recent 
examples: 


e Multiple top quarks and b-quarks in the final state may help to search 
for new heavy particles in the electroweak sector and can be distinctive 
from the SM backgrounds [58]. 

e Heavy top partners and other KK fermions in the RS model may lead 
to unique top-quark and W-boson signatures [59]. 

e New exotic colored states may predominantly couple to heavy quarks 
and thus lead to multiple top quarks in the final state [60]. 

e Composite models for the right-handed top-quark may lead to tttt sig- 
nals at the LHC [61]. 

e Like-sign top quark pairs may indicate new dynamics [62]. 
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6.6. Summary and Outlook 


The LHC will be a true top-quark factory. With 80 million top-quark 
pairs plus 34 million single tops produced annually at the designed high 
luminosity, the properties of this particle will be studied to a great accuracy 
and the deep questions related to the top quark at the Terascale will be 
explored to an unprecedented level. Theoretical arguments indicate that it 
is highly likely that new physics associated with the top quark beyond the 
SM will show up at the LHC. This article only touches upon the surface of 
the rich top quark physics, and is focused on possible new physics beyond 
the SM in the top-quark sector. The layout of this article has been largely 
motivated by experimental signatures for the LHC. Interesting signatures 
covered here include: 


e Rare decays of the top quark to new light states, or to SM particles via 
the charged and neutral currents through virtual effects of new physics. 

e Top quark pair production via the decay of a new heavy resonance, 
resulting in fully reconstructable kinematics for detailed studies. 

e Top quark pair production via the decay of pairly produced top part- 
ners, usually associated with two other missing particles, making the 
signal identification and the property studies challenging. 

e Multiple top quarks, b quarks, and W~’s coming from theories of 
electroweak symmetry breaking or an extended top-quark sector. 


The physics associated with top quarks is rich, far-reaching, and excit- 
ing. It opens up golden opportunities for new physics searches, while brings 
in new challenges as well. It should be of high priority in the LHC program 
for both theorists and experimentalists. 
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With the LHC data arriving soon, carrying discoveries, we discuss a 
strategy for synthesizing a set of early measurements illuminating the 
dark matter of the universe. 


7.1. Escape from Theory Space 


Physics is an experimental science that requires theory frameworks to inter- 
prete results and render the data meaningful. Theory enables physicists to 
relate results from disparate experimental approaches and make predictions 
for new experiments. 

Results that contradict well-established theory frameworks are quite 
properly treated with skepticism. The history of physics is full of exper- 
imental “signals” that, upon further review, “went away.” But the same 
history shows that in the end experiment always trumps theory. When the- 
ory frameworks fail, paradigm shift occurs, and physicists eventually move 
on to a deeper level of understanding. 

For more than three decades particle physics has been dominated by 
a theory framework prosaically known as the Standard Model. Many dis- 
coveries were made during these decades, almost all of them serving to 
buttress the soaring collection of ideas that constitute this model. Hundreds 
of predictions of this model have been verified with great precision in dozens 
of experiments. 
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Meanwhile, the majority of particle theorists have been employed con- 
cocting new theory frameworks that attempt a deeper level of understand- 
ing than is provided by the Standard Model. Most of these Beyond the 
Standard Model frameworks begin with the same building blocks as the 
SM: relativistic quantum field theory, gauge symmetry and interactions be- 
tween fundamental fermions and bosons. One framework, string theory, 
is so radical in its conception that it has proven difficult to relate it back 
to the SM. The more typical strategy is to start with the SM and build 
upwards, inwards or outwards. 

The most interesting BSM frameworks are based either upon new sym- 
metries, as is the case for supersymmetry and little Higgs models, or upon 
new degrees of freedom, most notably the hypothesis of large or warped 
extra dimensions of space. Within each BSM framework, one can construct 
a large number of qualitatively different models consistent with all current 
data. Collectively these models populate the “theory space” of possible 
physics beyond the Standard Model. 

This BSM theory space is many dimensional. Since the models contain 
new adjustable parameters, such as the masses of new particles, the num- 
ber of distinct models is formally infinite. This infinity is misleading: in an 
experimental science the data will not provide a real distinction between 
models that differ by details that are sufficiently tiny or experimentally 
irrelevant. Nevertheless the BSM theory space is still dauntingly vast, con- 
taining some very large number N of viable possibilities. 

Particle physicists have already spent decades tackling the “top-down” 
problem of mapping these N models into their experimental signatures. 
Much of this work, especially in recent years, has focused on top-down pre- 
dictions for experiments at the LHC. The most successful frameworks, such 
as supersymmetry (SUSY), make dramatic predictions for new particles 
and interactions that should be visible at the LHC, while simultaneously 
explaining the current particle physics data set as well as the Standard 
Model does. 

Apart from the already-mentioned exception of string theory, the top- 
down program of mapping theory space into LHC predictions is fairly 
straightforward. This approach builds upon the successful program of mak- 
ing detailed predictions from the Standard Model; the main intellectual 
challenges involve the complexities of QCD. With a twenty year headstart 
on making LHC predictions, particle physicists have developed powerful 
tools for simulating LHC collisions initiated by BSM interactions or the 
production of BSM particles. Given any point in theory space, a diligent 
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student can use these tools to map that point into fully realized LHC 
events. 

As soon as discoveries are made at the LHC, physicists will face a very 
different set of challenges. Rather than the top-down approach of applying 
the Standard Model or a favorite BSM model to make a prediction, we 
will have to confront the issues of bottom-up physics. These include a host 
of technical issues for reconstructing “pictures” of events from millions of 
separate readout channels in the detector. They also include the difficulty 
of understanding the Standard Model content of LHC events, given the un- 
precedented complexity and kinematics of 14 TeV proton-proton collisions, 
as described elsewhere in this volume. 

Even when these challenges are addressed, there will remain the LHC 
Inverse Problem [1-3]: given a finite set of measurements with finite resolu- 
tions, how does one map back to the underlying theory responsible for the 
new phenomena? When N is large, as it certainly is for BSM theory space, 
it is not a viable strategy to discriminate between N alternative explana- 
tions by performing N tests. However, as the game “twenty questions” 
illustrates, a well-designed series of simple tests can identify the correct 
alternative in of order log(N) steps, proceeding along a decision tree such 
that, at each branching, of order half of the remaining alternatives are 
eliminated. 

The solution to the LHC Inverse Problem is to design and implement 
this series of simple tests in LHC experiments, such that with high confi- 
dence roughly half of the remaining theory space is ruled out at each step. 
The results of the first few tests will shape the requirements for future tests, 
so the immediate need is to develop the strategy for the early tests. 

As of this writing, particle physicists have not made much progress in 
this area. Well-developed strategies for early tests on LHC discovery data 
sets exist for only a few simpler scenarios, such as the resonance production 
of a new heavy particle that decays back to a pair of muons, electrons, or 
QCD jets. The lack of progress has a partly sociological origin. During the 
past few decades, top-down analysis using the Standard Model proved so 
effective that bottom-up strategies fell into decline. In the more distant 
past, before the tyranny of the Standard Model took hold, the interpre- 
tation of experiments was typically done on the fly. The experiment was 
performed, data was extracted, and the researchers stood around scratch- 
ing their heads until they figured out what it meant. With LHC collisions 
occuring every 25 nanoseconds, producing events of frightening complexity, 
the “on-the-fly” approach to interpreting LHC signals is not defendable. 
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In this chapter we describe some recent progress in developing the 
strategy for early tests to discriminate the origin of one important class 
of potential LHC discoveries. These are LHC discoveries that could man- 
ifest during the first two years of physics running as a “missing energy” 
signature. 


7.2. Dark Matter and Missing Energy 


An economical hypothesis for the main constituent of cosmic dark matter 
is one or more varieties of stable weakly interacting massive particles. Here 
weakly interacting means that the particles do not carry electric or color 
charge, and they may or may not carry SM weak charge. As described in 
more detail by Aaron Pierce in this volume, it is a remarkable fact that 
standard Big Bang cosmology combined with astrophysical measurements 
suggest the existence of exotic particles at the TeV energy scale about to 
be probed by LHC experiments. The LHC and the ATLAS and CMS 
detectors were designed to discover the Higgs boson and the deeper origins 
of electroweak symmetry breaking at the Terascale. Nevertheless the LHC 
also provides an outstanding opportunity to produce WIMP dark matter 
particles in high energy collisions, and to study their properties in controlled 
laboratory experiments [4]. 

WIMP dark matter particles (if they exist) are presumably stable on 
cosmological timescales for the same reason as the electron: they are the 
lightest of a family of particles carrying a particular kind of conserved 
charge or quantum number. Since by definition SM particles don’t carry 
this quantum number, a proton-proton collision at the LHC is “neutral” 
under this new charge. This has the immediate consequence that WIMP 
dark matter particles cannot be produced singly in such a collision; they 
can only be produced (if at all) in pairs. 

An equally important implication is that there are probably heavier 
relatives of the WIMP particles. These particles will be unstable to rapid 
decays into a stable WIMP plus one or more SM particles, a decay that 
conserves the new quantum number carried by the WIMP and its heavier 
parent. There is no reason why all of these heavier parents should be weakly 
interacting. Those that carry color charge will be copiously produced at 
the LHC, as long as they have mass less than about 2 TeV. They will be 
produced in pairs, followed by one or more stages of rapid decays that 
result in a pair of WIMP dark matter particles together with a collection 
of energetic SM particles. 
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Most of these energetic SM particles will be detected and reconstructed 
in the general purpose LHC detectors ATLAS and CMS. The two dark 
matter particles will not be directly detected, since they are too weakly 
interacting to leave a detectable signal in any of the detector subsystems. 
Instead, the experimental smoking gun of dark matter production at the 
LHC is missing transverse energy. 

To understand this concept, it is useful to peek inside the 7 TeV protons 
of the LHC colliding beams. Each proton behaves like a bag of constituent 
elementary particles that Feynman called “partons.” These include two u 
quarks and one d quark, gluons, and a variety of virtual “sea” quarks and 
antiquarks that wink in and out of existence in the intense gluonic energy 
field. An LHC proton-proton collision will usually consist of just one parton 
from one proton colliding with one parton from the other proton: uu, ud, 
ug, dg, gg, uŭ, ud, ub, cs, etc. Since each parton only carries a fraction of 
the total momentum and energy of the proton, this partonic hard scattering 
is much less energetic than the full 14 TeV carried by the two protons. Most 
of the energy of these pp collisions is carried off by undetected remnants of 
the underlying event, which disappear down the beampipe. 

The total energy of any particular partonic collision cannot be predicted 
in advance, neither can the total momentum along the direction of the pro- 
ton beams. However for precisely controlled and collimated beams, as will 
obtain for the LHC, the total momentum of each collision in the directions 
tranverse to the beams is well-known. This transverse momentum is limited 
by the ability of each parton to rattle around inside of its mother proton. 
Thus a typical hard scattering with a TeV of total energy will almost always 
have only about a GeV/c of total transverse momentum. 

If LHC detectors could measure the transverse momentum of all the 
SM particles produced in a collision, a simple vector sum would reveal the 
presence of unseen particles such as WIMPS carrying off large transverse 
momentum. In practice LHC detectors only measure momentum directly 
for charged particles; neutral SM particles are detected in the calorimeters, 
as energy deposits along a certain three-vector pointing away from the 
collision. For hermetic calorimeters, this is good enough to establish the 
existence of large missing transverse energy, defined as the vector sum of all 
the energy deposits in the plane transverse to the beam. Missing transverse 
energy implies missing transverse momentum in the underlying collection 
of SM particles produced from the collision. Missing transverse energy, 
known dyslexically as MET, is thus an enormously powerful discovery tool 
for the LHC. 
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For the case of WIMP dark matter, two undetected WIMPs in a single 
event contribute missing transverse energy, pointing in different directions 
in the azimuthal plane tranverse to the beam axis. Suppose for simplicity 
that the magnitude of the MET from each WIMP were the same. Then, if 
the azimuthal directions of the WIMPS were completely uncorrelated, the 
total MET of the event would be larger than the MET of each individual 
WIMP two-thirds of the time. However in real LHC collisions the azimuthal 
directions of the WIMPS are in fact anti-correlated; this is because the 
WIMPS come from decays of other heavy particles that are produced back- 
to-back in the center-of-mass frame of the original partonic collision. As a 
result, the MET vectors of the WIMP pair will partially cancel in a majority 
of events. 

In spite of this feature, heavy WIMPS imply spectacular MET signals 
at the LHC. The large MET arises from two effects. First, the original hard 
scattering produces a pair of unstable particles that are even heavier than 
the WIMP. In the fully differential cross section that describes this process, 
the pr of these parent particles appears only in the combination 


mr = \/m2 + p2., (7.1) 


where mp is the parent particle mass, mr is known as the transverse mass, 
and the other kinematic variables are dimensionless. By dimensional anal- 
ysis the fully differential cross section falls off like 1/m4, (independently of 
spin and other details) for large pr, but obviously the suppression is not 
felt unless pr is larger than of order mp. So events with heavy particles 
typically [5] also have pr roughly of order mp. The resulting WIMPS from 
decays of these particles also have typically rather large pr, thus they move 
off towards the calorimeter at large polar angles from the beam. The en- 
ergy that they fail to deposit in the calorimeter is at least as large as their 
mass mpm, which registers as large missing transverse energy since they are 
moving away from the beam axis. Thus both large mp and mpm conspire 
to produce large MET. Note that models with larger mp but smaller mpm 
may produce a distribution of MET that resembles a very different model 
with smaller mp and larger mpm. 


7.3. Missing Energy at the LHC 


WIMP dark matter particles are not the only possible source of MET. 
Indeed the Standard Model contains its own stable weakly interacting par- 
ticles, known as neutrinos. Few neutrinos will be directly produced in LHC 
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collisions, but, as we hypothesized for WIMPS, neutrinos can be copiously 
produced from the decay of heavier unstable particles. For example, top 
quarks will be strongly produced at the LHC, with a cross section of around 
800 picobarns corresponding to roughly 80 million top-antitop pairs pro- 
duced per year at full LHC luminosity. A top quark decays in less than a 
yoctosecond (10774 s) to a b quark and a WF boson; about one-third of 
the time the W then decays to an energetic neutrino and a charged lep- 
ton (electron, muon or tau). Thus top quark production is a major SM 
source of large missing transverse energy. More generally, a variety of SM 
processes can produce W and/or Z bosons, resulting in large MET from 
the decay of a W to a neutrino or the decay of a Z to a neutrino and an 
antineutrino. Decays of tau leptons are another possible source of MET in 
LHC collisions. 

This is both a problem and an opportunity. It is a problem because 
top, W and Z production will create an irreducible Standard Model physics 
background in LHC experiments to MET signals arising from dark matter 
particles or other exciting new physics such as large extra dimensions [6]. 
It is an opportunity because particle experimenters can use neutrinos as a 
warmup and calibration for missing energy searches. 

This opportunity has been thoroughly exploited already in experiments 
at the Tevatron, with proton-antiproton collisions as 1.8 and 1.96 TeV. 
Figure 7.1 shows the reconstruction of the transverse mass of W bosons from 
Tevatron events, produced by combining the 4-vector of an electron with the 
MET from the same event. The MET is attributed to an unseen neutrino 
from a leptonic decay of a W. With a large number of events, the transverse 
mass distribution is seen to have a pronounced (smeared Jacobian) peak 
at a value slightly lower than the W mass (the transverse mass has the 
form of an invariant mass without any longitudinal information and has a 
second order dependence on the boson pr). This validates the hypothesis 
that the great majority of these events did indeed contain a heavy particle 
that decayed into an electron and a single unseen particle. Further study 
of kinematics and angular distributions shows that the unseen particle is 
a fermion, and puts a weak upper bound on its mass (a few tens of GeV). 
Obviously there is a limit to how many detailed properties of neutrinos can 
be extracted from high energy collisions. Notice however that in this case 
we learn fundamental information about neutrinos and weak interactions, 
reconstructing the weak gauge bosons themselves, and extracting their mass 
with impressive precision. This is precisely what we hope to do for dark 
matter at the LHC: extract some if its most important properties, and 
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determine its origin in the larger context of particle physics. In the same 
sense that we understand that neutrinos exist because of the existence of 
electrons and of weak interactions, we would like to be able to say that 
dark matter exists because, for example, there is spontaneously broken 
supersymmetry with conserved R parity. 
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Fig. 7.1. Distribution of the tranverse mass obtained from electrons and missing trans- 
verse energy in events from the CDF detector in Run II of the Tevatron pp collider [7, 8]. 
The distribution is consistent with the hypothesis that the missing energy is from a neu- 
trino produced in a leptonic decay of a W boson. With this hypothesis, the mass of the 
W is extracted with greater precision than any previous experiment. 


Missing energy at the LHC is experimentally challenging. MET searches 
are plagued by instrumental and spurious backgrounds, including cosmic 
rays, scattering off beam halo and jet mismeasurement. In analyses of Teva- 
tron data, the great majority of events with putative large MET could be 
traced to these kinds of backgrounds [9]. Obviously a true MET signal can 
only be established on a statistical basis, after gaining a strong understand- 
ing in the data of top, W and Z production. The motivation of discovering 
dark matter, even with additional theoretical assumptions like supersym- 
metry, does not pin down a particular pattern of SM particles that should 
accompany the MET signal of new physics. Since an early signal implies 
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strong production, followed by one or more stages of decay to WIMPs, the 
most conservative assumption is that large MET should be accompanied by 
multiple energetic QCD jets. We use the phrase inclusive missing energy 
signature to refer to events with both large MET and multiple hard jets. 
These events may also include energetic leptons, and could be enriched in 
top, b’s, W’s or Z’s, depending on the details of the underlying physics 
model. 


7.4. A Strategy for Early Discovery with Missing Energy 


A detailed strategy for early discovery with the inclusive MET signature 
was presented in the CMS Physics Technical Design Report [10, 11] and 
studied with full simulation of the CMS detector. A series of cleanup and 
analysis cuts were performed on the simulated MET trigger sample, tar- 
geting the reduction of both the instrumental and physics backgrounds, 
while preserving as much signal as possible. Drastic reductions of the back- 
grounds were achieved while retaining good efficiency for the signal: as high 
as 25% for supersymmetry models with fairly large mp and mpm. 

For models where the parent particles of the WIMP dark matter are 
strongly produced, the LHC production cross sections range from about a 
picobarn for mp ~ 1 TeV to about a 100 pb for models with masses around 
500 GeV. The CMS analysis shows that for many models a MET discovery 
could be made with the first 100 pb~! of well-understood LHC data. 

Supposing, for example, that the new physics signal has a cross section of 
20 pb, then an integrated luminosity of 100 pb~! gives 2000 potential signal 
events. Taking into account trigger efficiencies, the geometrical acceptance 
of the detector, reconstruction efficiencies for the final state SM particles, 
and cuts to reduce backgrounds, a well-designed inclusive analysis may pre- 
serve 200 to 400 of these signal events. The key to discovery, as discussed in 
the CMS study, is to reduce the instrumental and SM physics backgrounds 
to at most a few hundred events in this same data sample; this requires a 
set of measurements on this sample and related data samples that prove 
that the backgrounds are understood. There are also systematic effects to 
worry about, such as the imperfectly measured luminosity and imperfect 
energy calibrations. In the early running of the LHC experiments, an over- 
all systematic of 10 to 20% is expected. Note that as the basic Standard 
Model processes become better understood in LHC data, the systematic 
errors will shrink, since SM processes provide calibrations for energy, lumi- 
nosity, and various efficiencies. All of these considerations emphasize the 
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primary importance of getting a strong handle on Standard Model physics 
in LHC data, as discussed in more detail by Michelangelo Mangano in this 
volume. 


Fig. 7.2. Event display of SUSY candidate event that survives the requirements of the 
CMS multijet+missing energy analysis. The three highest Er jets are 330, 140 and 
60 GeV, and the missing transverse energy is 360 GeV. (Right) Lego 7 — ¢ calorimeter 
display; the three leading jets are color coded red-yellow-green, while the red line denotes 
the azimuthal direction of the missing energy. (Left) Transverse x — y view, showing the 
energy depositions of the jets in the calorimeter systems as well as the reconstructed 
tracks and the azimuthal missing energy direction. 


Of particular importance for early LHC running will be newly developed 
“standard candle” calibration methods for normalizations and shapes in the 
data. A good example of such a standard candle is the production of a Z 
boson decaying to a pair of muons in association with two or more high 
energy jets. Because muons do not shower,* they deposit at most a couple 
of GeV of energy while traversing the calorimeters. Thus in a calorimeter 
measurement of missing transverse energy, a high energy muon looks nearly 


a Actually muons with pr 2 1 TeV at the LHC sometimes will shower(!), but this does 
not affect the standard candle calibration. 
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identical to a neutrino. The muon system outside the calorimeter, and the 
tracking system inside the calorimeter, do detect the muons and measure 
their momenta. Thus a study of Z — ptp7 plus > 2 jets is an excellent 
calibration of how Z — vv plus > 2 jets events will look in the same 
detector, as well as an absolute calibration of missing transverse energy. 
Since Z — vv plus > 2 jets is one of the most important SM backgrounds 
to a search for WIMP dark matter particles, this standard candle” is of 
great importance. Even better, it provides an overall normalization for 
related measurements of W + jets production, another basic SM process 
related to missing energy searches [9]. 


7.5. Look-Alikes at the Moment of Discovery 


Using the techniques outlined above, it is quite possible that LHC experi- 
ments will make a 50 missing energy discovery with the first 100 pb~! of 
well-understood data. 

At the moment of discovery a large number of theory models will be 
instantly ruled out because, even within conservative errors for the back- 
grounds and systematics, they give the wrong excess. However a large num- 
ber of models will remain as missing energy look-alikes, defined as models 
that predict the same inclusive missing energy excess, within some toler- 
ance, in the same analysis in the same detector, for a given integrated 
luminosity. The immediate challenge for LHC physicists will then be to 
begin disambiguating the look-alikes. 

For a certain subclass of SUSY models known as minimal supergravity 
or mSUGRA, the general look-alike problem was studied in Ref. [3] as it 
might apply to a later mature phase of LHC experiments. Even restricted 
to the slice of theory space populated by minimal supergravity models, 
ignoring systematic errors, and applying an uncorrelated y?-like statistical 
analysis to a 1808 correlated observables, this study found that a large 
number of look-alikes remained unresolved in a simulation equivalent to 10 
fb~+ of integrated luminosity (1 fb~t = 1000 pb~*). 

At the moment of discovery the look-alike problem will be drastically 
different from the assumptions of this study. The data samples will be 
much smaller. With small data samples, peaks and edges in invariant mass 
distributions may not be visible, and most observables related to detailed 
features of the events will be rate limited. This is particularly true for 
popular analysis strategies that rely on multiple leptons in the final state. 


bit is thus only fitting that this terminology was borrowed from the astrophysicists. 
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The available palette of robust reconstructed physics objects will be limited. 
For example, it is unlikely that mature 7 or b tagging in multijet final 
states will be fully implemented during the few hundred pb~! era. The 
observables that are available to discriminate the look-alikes will be strongly 
correlated by systematics and the overall kinematics of the events. In the 
early running these correlations will be poorly understood, rendering a 
multivariate analysis highly unreliable. 

One possible approach to the look-alike problem after an early LHC 
discovery would be to build primitive toy models that have only the most 
generic features required to match gross properties of the discovery data 
set. This is probably a useful approach, but it is not likely to be the most 
efficient one. Given twenty-five years of development of full-fledged BSM 
models, together with powerful software to generate realistic LHC events 
based on the these models, it would be very strange to give up this im- 
pressive machinery at the moment of discovery. In addition, the mapping 
from a BSM langrangian to the details of a fully simulated LHC event is 
highly complex; saying that this mapping is implemented in software does 
not imply that all of its important features are known, let alone intuitively 
understood. Thus if LHC physicists attempt to reproduce this mapping 
from the bottom up, their results are likely to be over-simplified and con- 
taminated by theoretical bias. 

Instead, we advocate using state-of-the-art simulations of a broad vari- 
ety of concrete BSM models. LHC simulations can already be performed 
via a chain of independent modules: 


e a model spectrum calculator (e.g. ISASUGRA [12], SUSY-HIT [13] or 
SPheno [14]) feeding into 

e a matrix element calculator (e.g MadGraph [15] or CompHEP [16]), feed- 
ing into 

e a parton-level event generator (e.g. MadEvent [17]), feeding into 

e a showering and hadronizing Monte Carlo (e.g. Pythia [18], Herwig [19], 
Sherpa [20] ), feeding into 

e a full LHC detector simulation (e.g. Athena [21] or CMSSW [22]). 


The appeal of this approach is that all of these modules except the first 
can be wholly or substantially validated with Standard Model processes 
and real LHC data. Thus at the moment of discovery we should already be 
geared up to make apples-to-apples comparisons of a wide variety of BSM 
models using simulation chains that are validated and tuned to data. 
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7.6. Twenty Questions 


By focusing on the discrimination of look-alikes, we are pursuing a strategy 
of simple binary choices: is Model A a significantly better explanation of 
the discovery dataset than Model B? Each answer carries with it a few bits 
of important fundamental information about the new physics process re- 
sponsible for missing energy. Obviously we will need to make many distinct 
look-alike comparisons before we can hope to build up a clear picture from 
these individual bits. 

Consider how this strategy might play out for answering the basic ques- 
tion “Is it SUSY?” It will almost certainly not be possible to answer this 
question during the 100 pb~! era. Our strategy will instead answer a series 
of more modest questions, some of them of the form: “Does SUSY Model 
A give a significantly better explanation of the discovery dataset than non- 
SUSY Model B?” None of these individual bits of information by itself is 
equivalent to answering “Is it SUSY?” However, it is likely that we will be 
able to build up a picture with several compelling features, e.g.: 


e The missing energy probably comes from new particles, not just from 
neutrinos. 

e The missing energy is probably from two particles per event, not one or 
three or a hundred. 

e There is more than one kind of strongly produced parent particle, and 
they have different color charge. 

e The strongly produced parents have several different decay chains. 

e Some of these decay chains are enriched in energetic leptons. 

e The leptons come from an intermediate exotic particle rather than from 
W’s or Z’s. 

o etc. 


7.7. Spin Discrimination with 100 pb~+ 


Following a missing energy discovery, we will want to determine the spin 
of the WIMP, which is tightly correlated with the spin of its parent parti- 
cles. Spin determination is likewise essential for distinguishing supersym- 
metry with R parity from non-SUSY BSM frameworks such as Universal 
Extra Dimensions or little Higgs with T parity, all of which predict a sta- 
ble WIMP accompanied by a spectrum of heavier “partners” of Standard 
Model quarks, leptons, gauge bosons and Higgs. 
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Direct determination of particle spin at a hadron collider is quite chal- 
lenging, as explained by Lian-Tao Wang in this volume. At the moment 
of discovery, we will instead rely on indirect information about the spin of 
the new particles. To see how this works, consider the leading order fully 
differential cross section to produce a pair of heavy spin 1/2 quarks with 
the same mass from a partonic collision of two gluons: 

4 2 
Tazo > QQ) = Sse filws)e2folv2) (7.2) 


In this formula § is the square of the total energy of the partonic col- 
lision, y3 and y4 are the dimensionless rapidities® of the heavy quarks and 
as is the QCD strong coupling; x; and x2 are the momentum fractions of 
the incoming protons carried by the gluons taking part in the partonic col- 
lisions, while fı(xı) and f2(x2) are the probability densities (the pdfs) for 
these gluon parton fractions to occur in a pp collision. The other variables 
Tı, T2 and p are convenient kinematic variables defined in Ref. [5], related 
to the particle mass, the pr and the rapidities. 

This can be compared with the analogous cross section to produce a 
pair of heavy spin 0 squarks from the same partonic initial state: gg —> 
rR + LL; here we include the production of two varieties of squark, 
denoted gr and gz, so that the total number of on-shell degrees of freedom 
are the same as the spin 1/2 case: 

dto Ne is a? 
Ininim 9 > RR + LL) = g tif (21) 22 fa(z2) (7.3) 
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Obviously these differential cross sections are quite different in detail, 
even if the spin 0 particles have the same mass as the spin 1/2 particles.4 
As a result, the total cross section to produce, e.g., a pair of 500 GeV spin 
1/2 quarks at the LHC, is 2.5 times larger than the total cross section to 
produce a pair of 500 GeV spin 0 squarks (of either variety), from this the 
most important partonic subprocess. The pr distributions of these parent 
particles also differ depending on their spin, thus affecting the kinematical 


°Rapidity is a boost-friendly measure of the polar angle to the beam axis. 

dNotice also that for equal masses the sum of the two cross sections gives a much simpler 
expression than either one individually. This is presumably a supersymmetry relation, 
but to our knowledge it has never been explained in the literature. 
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distributions of the final state SM particles that are reconstructed for the 
event. 

Even 100 pb~! of LHC data may be sufficient to discriminate between 
two BSM models that differ only by spin. More impressive still is a detailed 
study showing [23] that a few hundred inverse picobarns of data allow the 
discrimination of models that differ by spin and by other features in their 
spectra deliberately tuned to make them resemble each other more closely 
in a missing energy analysis. 

For example, the smaller cross section for squark production versus 
production of heavy quarks of the same mass can be partially compensated 
by introducing by hand some squark-gluino associated production in the 
SUSY model, without introducing an analogous process in the non-SUSY 
look-alike. This makes it more difficult to discriminate the SUSY model 
from the non-SUSY model. In this tuning the gluino should be much heavier 
than the squark; otherwise due to the gluino’s larger color charge squark- 
gluino (or gluino-gluino) production will dominate. Thus an indirect spin 
discrimination depends in part on the ability to distinguish lighter squarks 
from heavier gluinos, using basic kinematic properties reconstructed from 
the events. 


7.8. More Look-Alikes 


The only way to develop a library of techniques for discriminating missing 
energy look-alikes is to look in detail at large numbers of examples. To 
see how this works in practice, we will briefly review the analysis of five 
look-alike models presented in Ref. [23]. Simulated events corresponding 
to 100 pb~! for each model are run through the CMS inclusive missing 
energy analysis; the models are look-alikes because the number of events 
after cuts agree within two sigma of the combined statistical and estimated 
systematic uncertainties. The five models are all MSSM SUSY models, 
denoted by LM2p, LM5, LM8, CS4d and CS6. The first three, LM2p, LM5 
and LM8, are minimal supergravity models [24-26]. The models CS4d and 
CS6 are not minimal supergravity; they are more general high scale MSSM 
models based on the compressed supersymmetry idea of Martin [27]. Model 
CS4d is in fact part of the model line defined in Ref. [27]. Model CS6 is a 
modification of compressed SUSY where all of the squarks have been made 
very heavy, = 2 TeV. 

The superpartner mass spectra of the models are displayed in Fig. 7.3. 
In each case the lightest supersymmetric partner (LSP) is a WIMP dark 
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Fig. 7.3. The mass spectra of the MSSM models LM2p, LM5, LM8, CS4d, and CS6 [23]. 
Only the most relevant particles are shown: the lighter gauginos x9, x3 and X], the 


lightest stau 71, the right-smuon and selectron denoted collectively as £g, the lightest 
stop t4, the gluino, and the left/right up and down squarks ip, iz, dy and dg. The 
very heavy ~ 2 TeV squarks of model CS6 lie outside the displayed range. 


matter candidate. Observe that all of the mSUGRA models are more simi- 
lar to each other than they are to either of the more general MSSM models 
CS4d and CS6; this shows the limitations of the usual SUSY analyses that 
do not go beyond mSUGRA. As their name implies, the compressed SUSY 
models CS4d and CS6 have a compressed gaugino spectrum relative to 
mSUGRA,; this produces either a light gluino (as in CS6) or a heavy LSP 
(as in CS4d). 


LHC Discoveries Unfolded 125 


The relative frequency of various LHC superpartner production pro- 
cesses is summarized in Table 7.1, for the models both before and after 
our event selection. As expected, the production fractions are much more 
similar after the event selection than before it, making the look-alike dis- 
crimination more difficult. 

Table 7.2 shows the most relevant superpartner decay branching frac- 
tions. Table 7.3 shows the most significant inclusive final states. By final 
state we mean that all unstable superpartners have decayed, while Stan- 
dard Model particles are left undecayed. We use q to denote any first or 
second generation quark or antiquark, but list bottom and top quarks sep- 
arately. The percentage frequency of each final state is with respect to 
events passing our selection. 

Combining the information in these tables, Ref. [23] summarizes the 
most significant features of the five models as follows: 


e Model LM2p: 800 GeV squarks are slightly lighter than the gluino, 
and there is a 155 GeV stau. Dominant production is squark-gluino and 
squark-squark. Left-squarks decay about two-thirds of the time to quark- 
chargino, and one-third to quark-LSP; right-squarks decay to quark-LSP. 
Gluino decay is mostly to quark-squark, with 41% of this bottom-sbottom 
or top-stop. Charginos decay to the light stau plus a neutrino, while the 
second neutralino decays to tau-stau. Two-thirds of the final states after 
event selection have at least one tau. 

e Model LM5: 800 GeV squarks are slightly lighter than the gluino. 
Dominant production is squark-gluino and squark-squark. Left-squark 
decays about two-thirds of the time to quark-chargino, and one-third to 
quark-LSP; right-squarks decay to quark-LSP. Gluino decay is mostly to 
quark-squark, with 43% of this bottom-sbottom or top-stop. Charginos 
decay to a W and an LSP, while the second neutralino decays to a light 
Higgs and an LSP. After selection 39% of final states have a W boson, 
and nearly a third have a Higgs. 

e Model LM8: The 745 GeV gluino is slightly lighter than all of the 
squarks except bı and ĉ&. Dominant production is squark-gluino and 
squark-squark. Left-squarks decay about two-thirds of the time to quark- 
chargino, and one-third to quark-LSP; right-squarks decay two-thirds 
to quark-LSP and one-third to quark-gluino. Gluino decay is 81% to 
top-stop; the 548 GeV stops decay mostly to b-chargino or top-LSP. 
Charginos decay to W-LSP, and the second neutralino decays to Z-LSP. 
After selection 45% of final states have two tops, which may or may not 


Table 7.1. Summary of LHC superpartner production for the MSSM models LM2p, LM5, LM8, CS4d, and CS6. 
The relative percentages are shown for each model, both before and after the event selection. The squark—squark 
percentages shown are excluding the contributions from pair production of the lightest stops, which are shown 
separately. Note that squark—chargino includes the production of either chargino, and squark-neutralino includes 
all of the four neutralinos. The category “other” includes weak production as well as the semi-weak associated 
production of gluinos with charginos or neutralinos. This table is taken from Ref. [23]. 


LM2p LM5 LM8 CS4d CS6 
before after before after before after before after before after 
cuts cuts cuts cuts cuts cuts cuts cuts cuts cuts 

squark—squark 33% 36% 32% 38% 22% 33% 19% 34% 0.1% 0.1% 
squark—gluino 45% 55% 46% 52% 48% 54% 41% 55% 3.7% 7.4% 
gluino-gluino 7.2% 6.4% 7.4% 6.4% 14% 8.3% 11% 8% 95% 92% 
stop-stop 2.1% 1.1% 2.1% 0.9% 2.6% 1.5% 26% 1.4% - - 
squark—chargino 2.1% 0.5% 2.1% 0.7% 1.4% 0.7% 0.2% 0.2% - - 


squark—neutralino 1.7% 0.4% 1.8% 0.4% 1.2% 0.6% 0.6% 0.2% - - 


other 9.5% 0.7% 9.3% 0.8% 11% 0.8% 1.9% 0.3% 11% 0.1% 
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Table 7.2. Summary of most relevant superpartner decays 
for the MSSM models LM2p, LM5, LM8, CS4d, and CS6. 
The table is taken from Ref. [23]. 


LM2p LM5 LM8& = CS4d CS6 


g—- dq 45% 45% - - - 
— bib 25% 20% 14% 2% - 
sit 16% 23% 81% 94% = 


= qix$ 7 - 5% - 75% 
ap > df 64% 64% 55% - - 
— ux? 32% 32% 27% - - 

— uğ al - - 83% 85% 


ür >u? 99% 99% 62% 92% £ 
ug g - 38% - 85% 


bi txy 42% 36% 35% 20% 9% 
— bx 29% 23% 22% 14% 5% 
— bx? 7% 2% 1% 50% - 


— tx? 22% 25% 30% - 4% 

—> tg - z z = 96% 

= bW+x9 - - - 100% - 

XP WK? 5% 97% 100% 100% 2% 
sFFur 95% - - - 77% 
L> ZX9 1% 11% 100% 100% - 
—> Ax? 3% 85% - - 2% 

> UT 96% 3% - - 77% 


ři — 7x? 100% 100% 88% 98% 100% 


have the same sign. Almost half of the final states have a W, more than 
a third have a Z, and a quarter have both a W and a Z. 

e Model CS4d: The 753 GeV gluino is in between the right-squark and 
left-squark masses. The LSP is relatively heavy, 251 GeV, and the ra- 
tio of the gluino to LSP mass is small compared to mSUGRA models. 
Dominant production is squark-gluino and squark-squark. Left-squarks 
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Table 7.3. Summary of significant inclusive final states for 
the MSSM models LM2p, LM5, LM8, CS4d, and CS6. By 
final state we mean that all unstable superpartners have de- 
cayed, while Standard Model particles are left undecayed. 
Here q denotes any first or second generation quark or an- 
tiquark, and more generally the notation does not distin- 


guish particles from antiparticles. The percentage frequency 
of each final state is with respect to events passing our selec- 
tion. The table is taken from Ref. [23]. 


LM2p 

aa X? X 76% 

qqa X9 X9 39% 
qaqa Xo XY 9% 

T vr qq XY XÈ 34% 
TT Xo x9 32% 

bbq X? XL 11% 
btW a xd xo 7% 
Wagxi xd 12% 
hg x9 x9 3% 

tt q x9 x? 11% 
Zq x9 x9 3% 
ZW q3? x9 1% 
bb tt WW X? x? = 


decay to quark-gluino, while right-squarks decay to quark-LSP. Gluinos 
decay to top-stop; the 352 GeV stops decay 100% to bW +}. Two-thirds 
of the final states contain btWqxX?X?, and a significant fraction of these 


contain more 6’s, t’s and W’s. 


e Model CS6: The 589 GeV gluino is much lighter than the 2 TeV 
squarks, and the ratio of the gluino to LSP mass is small compared to 
mSUGRA models. Production is 92% gluino-gluino, and gluinos decay 
predominantly via the three-body mode gqX$. The final states consist al- 
most entirely of three or four quarks plus two LSPs, with a proportionate 


LM5 
72% 
31% 

5% 
2% 
1% 
7% 
21% 
39% 
28% 
13% 
6% 


LM8 
57% 
29% 


14% 


amount of the final state quarks being b’s. 


CS4d 
43% 


10% 


CS6 
99% 
79% 


77% 


LHC Discoveries Unfolded 129 
7.9. Simple Robust Discriminators 


The most robust observables available in the early LHC running will be 
ratios of inclusive counts, applied to simple reconstructed physics objects in 
the discovery data sample after all the event selection has been performed. 
As an example, with some suitable definition of reconstructed jets, one 
can count the number of events after cuts that have > 3 jets, versus the 
number of events that have > 4 jets. The ratio of these counts has a 
reduced sensitivity to systematic errors, and gives a robust measure of jet 
multiplicity. This observable will help to discriminate models with longer 
decay chains from those with direct decays to the WIMP final state. 

The shapes of kinematic distributions will provide important informa- 
tion for discriminating models, but in the early going we expect rather large 
uncertainties about the details and overall normalization of these shapes. A 
good strategy [23] is therefore to extract the shape information in the form 
of a ratio of inclusive counts. This is done by dividing each distribution into 
a small number of bins, two in the simplest case. Thus e.g. the MET distri- 
bution is divided into a high bin, MET > 320 GeV, and a low bin, 220 GeV 
< MET < 320 GeV (note that events with MET < 220 GeV don’t pass the 
event selection to begin with). The ratio of the number of events in the high 
MET bin to the total number of events is a robust observable; it discrimi- 
nates models with larger mp (having smaller cross sections but more MET) 
from models with smaller mp (having larger cross sections but less MET). 

This method also works for other kinds of shape information. For ex- 
ample, a variety of algorithms exist that divide an LHC event into two 
hemispheres [10] attempting to assign each reconstructed object to one or 
the other of the two parent particles produced in the original partonic colli- 
son. Using such an algorithm, we can define a ratio of inclusive counts, e.g. 
the count of events where the number of objects in the two hemispheres 
differs by at least two, divided by the total count of events. This is a robust 
observable that helps to flag production of more than one kind of parent 
particle or more than one kind of decay chain. 

As previously mentioned, mature 7 and b tagging, of the type currently 
in use in the experiments at the Tevatron, may not be available to LHC 
experiments at the time of an early missing energy discovery. This does 
not mean, however, that we will have no ability to discriminate between 
models on the basis of 7s or b jets in the final state. Simple algorithms 
can be used based on single track jets for hadronic ts and muons inside 
jets for bs. “Poor man’s” tagging schemes of this type will have rather low 
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efficiencies and high fake rates. Nevertheless, they provide robust ratios of 
tag counts that discriminate reasonably well. For example, a poor man’s 
tau tag discriminates model LM2p from model LM5, based on the higher 
tau multiplicty in LM2p. 

When a variety of well-chosen robust observables are applied to dis- 
criminate the five look-alike models introduced in the previous section, the 
results are impressive [23]. Although the assumed discovery sample of 100 
pb~! is not always enough to discriminate every pair of models, with a few 
hundred inverse picobarns we begin, not only to disambiguate the look- 
alikes, but also to reveal combinations of more detailed properties. 


7.10. Outlook 


As of this writing we are less than a year away from LHC data. Data 
will allow us to quickly attack the direct LHC problem, namely the under- 
standing of the Standard Model at 14 TeV. The inverse LHC problem is 
convoluted with this direct one. We will continue to develop simple cogent 
strategies that address both the direct and the inverse LHC problems. If 
we succeed, the first iteration of analyses will orient us in the right path to 
unfold the discoveries. 
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Chapter 8 


From BCS to the LHC 


Steven Weinberg 


The University of Texas at Austin, Department of Physics 
1 University Station C1600, Austin, TX 7812-0264 


Reflections on spontaneous symmetry breaking, and the connection be- 
tween condensed matter physics and particle physics, as given in a talk 
at a symposium at the University of Illinois in Urbana, celebrating the 
50th anniversary of the theory of superconductivity. 


It was a little odd for me, a physicist whose work has been mainly on 
the theory of elementary particles, to be invited to speak at a meeting of 
condensed matter physicists celebrating a great achievement in their field. 
It is not only that there is a difference in the subjects we explore. There 
are deep differences in our aims, in the kinds of satisfaction we hope to get 
from our work. 

Condensed matter physicists are often motivated to deal with phenom- 
ena because the phenomena themselves are intrinsically so interesting. Who 
would not be fascinated by weird things, such as superconductivity, super- 
fluidity, or the quantum Hall effect? On the other hand, I don’t think that 
elementary particle physicists are generally very excited by the phenom- 
ena they study. The particles themselves are practically featureless, every 
electron looking tediously just like every other electron. 

Another aim of condensed matter physics is to make discoveries that are 
useful. In contrast, although elementary particle physicists like to point to 
the technological spin-offs from elementary particle experimentation, and 
these are real, this is not the reason we want these experiments to be done, 
and the knowledge gained by these experiments has no foreseeable practical 
applications. 

Most of us do elementary particle physics neither because of the intrinsic 
interestingness of the phenomena we study, nor because of the practical 
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importance of what we learn, but because we are pursuing a reductionist 
vision. All the properties of ordinary matter are what they are because 
of the principles of atomic and nuclear physics, which are what they are 
because of the rules of the Standard Model of elementary particles, which 
are what they are because ... Well, we don’t know, this is the reductionist 
frontier, which we are currently exploring. 

I think that the single most important thing accomplished by the theory 
of Bardeen, Cooper, and Schrieffer (BCS) was to show that superconduc- 
tivity is not part of the reductionist frontier [1]. Before BCS this was not 
so clear. For instance, in 1933 Walter Meissner raised the question whether 
electric currents in superconductors are carried by the known charged par- 
ticles, electrons and ions. The great thing showed by Bardeen, Cooper, 
and Schrieffer was that no new particles or forces had to be introduced to 
understand superconductivity. According to a book on superconductivity 
that Leon Cooper showed me, many physicists were even disappointed that 
“superconductivity should, on the atomistic scale, be revealed as noth- 
ing more than a footling small interaction between electrons and lattice 
vibrations. [2]” 

The claim of elementary particle physicists to be leading the explo- 
ration of the reductionist frontier has at times produced resentment among 
condensed matter physicists. (This was not helped by a distinguished par- 
ticle theorist, who was fond of referring to condensed matter physics as 
“squalid state physics.” ) This resentment surfaced during the debate over 
the funding of the Superconducting SuperCollider (SSC). I remember that 
Phil Anderson and I testified in the same Senate committee hearing on the 
issue, he against the SSC and I for it. His testimony was so scrupulously 
honest that I think it helped the SSC more than it hurt it. What really did 
hurt was a statement opposing the SSC by a condensed matter physicist 
who happened at the time to be the President of the American Physical 
Society. As everyone knows, the SSC project was cancelled, and now we are 
waiting for the LHC at CERN to get us moving ahead again in elementary 
particle physics. 

During the SSC debate, Anderson and other condensed matter physi- 
cists repeatedly made the point that the knowledge gained in elementary 
particle physics would be unlikely to help them to understand emergent 
phenomena like superconductivity. This is certainly true, but I think be- 
side the point, because that is not why we are studying elementary particles; 
our aim is to push back the reductive frontier, to get closer to whatever 
simple and general theory accounts for everything in nature. It could be 
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said equally that the knowledge gained by condensed matter physics is un- 
likely to give us any direct help in constructing more fundamental theories 
of nature. 

So what business does a particle physicist like me have at a celebration 
of the BCS theory? (I have written just one paper about superconductivity, 
a paper of monumental unimportance, which was treated by the condensed 
matter community with the indifference it deserved.) Condensed matter 
physics and particle physics are relevant to each other, despite everything 
I have said. This is because, although the knowledge gained in elementary 
particle physics is not likely to be useful to condensed matter physicists, 
or vice versa, experience shows that the ideas developed in one field can 
prove very useful in the other. Sometimes these ideas become transformed 
in translation, so that they even pick up a renewed value to the field in 
which they were first conceived. 

The example that concerns me here is an idea that elementary particle 
physicists learned from condensed matter theory — specifically, from the 
BCS theory. It is the idea of spontaneous symmetry breaking. In parti- 
cle physics we are particularly interested in the symmetries of the laws of 
nature. One of these symmetries is invariance of the laws of nature under 
the symmetry group of three-dimensional rotations, or in other words, in- 
variance of the laws we discover under changes in the orientation of our 
measuring apparatus. 

When a physical system does not exhibit all the symmetries of the 
laws by which it is governed, we say that these symmetries are sponta- 
neously broken. A very familiar example is spontaneous magnetization. 
The laws governing the atoms in a magnet are perfectly invariant under 
three-dimensional rotations, but at temperatures below a critical value, the 
spins of these atoms spontaneously line up in some direction, producing 
a magnetic field. In this case, and as often happens, a subgroup is left 
invariant: the two dimensional group of rotations around the direction of 
magnetization. 

Now to the point. A superconductor of any kind is nothing more or less 
than a material in which a particular symmetry of the laws of nature, elec- 
tromagnetic gauge invariance, is spontaneously broken. This is true of high 
temperature superconductors, as well as the more familiar superconductors 
studied by BCS. The symmetry group here is the group of two-dimensional 
rotations. These rotations act on a two-dimensional vector, whose two com- 
ponents are the real and imaginary parts of the electron field, the quan- 
tum mechanical operator that in quantum field theories of matter destroys 
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electrons. The rotation angle of the broken symmetry group can vary with 
location in the superconductor, and then the symmetry transformations 
also affect the electromagnetic potentials, a point to which I will return. 

The symmetry breaking in a superconductor leaves unbroken a rotation 
by 180°, which simply changes the sign of the electron field. In consequence 
of this spontaneous symmetry breaking, products of any even number of 
electron fields have nonvanishing expectation values in a superconductor, 
though a single electron field does not. All of the dramatic exact properties 
of superconductors — zero electrical resistance, the expelling of magnetic 
fields from superconductors known as the Meissner effect, the quantization 
of magnetic flux through a thick superconducting ring, and the Joseph- 
son formula for the frequency of the ac current at a junction between two 
superconductors with different voltages — follow from the assumption that 
electromagnetic gauge invariance is broken in this way, with no need to 


inquire into the mechanism by which the symmetry is broken. 

Condensed matter physicists often trace these phenomena to the appear- 
ance of an “order parameter,” the non-vanishing mean value of the product 
of two electron fields, but I think this is misleading. There is nothing 
special about two electron fields; one might just as well take the order 
parameter as the product of three electron fields and the complex conjugate 
of another electron field. The important thing is the broken symmetry, and 
the unbroken subgroup. 

It may then come as a surprise that spontaneous symmetry breaking is 
nowhere mentioned in the seminal paper of Bardeen, Cooper, and Schrieffer. 
Their paper describes a mechanism by which electromagnetic gauge invari- 
ance is in fact broken, but they derived the properties of superconductors 
from their dynamical model, not from the mere fact of broken symmetry. 
Iam not saying that Bardeen, Cooper, and Schrieffer did not know of this 
spontaneous symmetry breaking. Indeed, there was already a large lit- 
erature on the apparent violation of gauge invariance in phenomenological 
theories of superconductivity, the fact that the electric current produced by 
an electromagnetic field in a superconductor depends on a quantity known 
as the vector potential, which is not gauge invariant. But their attention 
was focussed on the details of the dynamics rather than the symmetry 
breaking. 

This is not just a matter of style. As BCS themselves made clear, 
their dynamical model was based on an approximation, that a pair of elec- 
trons interact only when the magnitude of their momenta is very close to 
a certain value, known as the Fermi surface. This leaves a question: How 
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can you understand the exact properties of superconductors, like exactly 
zero resistance and exact flux quantization, on the basis of an approxi- 
mate dynamical theory? It is only the argument from exact symmetry 
principles that can fully explain the remarkable exact properties of super- 
conductors. 

Though spontaneous symmetry breaking was not emphasized in the 
BCS paper, the recognition of this phenomenon produced a revolution in 
elementary particle physics. The reason is that (with certain qualification, 
to which I will return), whenever a symmetry is spontaneously broken, 
there must exist excitations of the system with a frequency that vanishes 
in the limit of large wavelength. In elementary particle physics, this means 
a particle of zero mass. 

The first clue to this general result was a remark in a 1960 paper by 
Yoichiro Nambu, that just such collective excitations in superconductors 
play a crucial role in reconciling the apparent failure of gauge invariance 
in a superconductor with the exact gauge invariance of the underlying the- 
ory governing matter and electromagnetism. Nambu speculated that these 
collective excitations are a necessary consequence of this exact gauge in- 
variance. 

A little later, Nambu put this idea to good use in particle physics. In 
nuclear beta decay an electron and neutrino (or their antiparticles) are 
created by currents of two different kinds flowing in the nucleus, known as 
vector and axial vector currents. It was known that the vector current was 
conserved, in the same sense as the ordinary electric current. Could the 
axial current also be conserved? 

The conservation of a current is usually a symptom of some symme- 
try of the underlying theory, and holds whether or not the symmetry is 
spontaneously broken. For the ordinary electric current, this symmetry is 
electromagnetic gauge invariance. Likewise, the vector current in beta de- 
cay is conserved because of the isotopic spin symmetry of nuclear physics. 
One could easily imagine several different symmetries, of a sort known as 
chiral symmetries, that would entail a conserved axial vector current. But 
it seemed that any such chiral symmetries would imply either that the 
nucleon mass is zero, which is certainly not true, or that there must exist 
a triplet of massless strongly interacting particles of zero spin and negative 
parity, which isn’t true either. These two possibilities simply correspond to 
the two possibilities that the symmetry, whatever it is, either is not, or is, 
spontaneously broken, not just in some material like a superconductor, but 
even in empty space. 
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Nambu proposed that there is indeed such a symmetry, and it is spon- 
taneously broken in empty space, but the symmetry in addition to being 
spontaneously broken is not exact to begin with, so the particle of zero spin 
and negative parity required by the symmetry breaking is not massless, only 
much lighter than other strongly interacting particles. This light particle, 
he recognized, is nothing but the pion, the lightest and first discovered of 
all the mesons. In a subsequent paper with Giovanni Jona-Lasinio, Nambu 
presented an illustrative theory in which, with some drastic approxima- 
tions, a suitable chiral symmetry was found to be spontaneously broken, 
and in consequence the light pion appeared as a bound state of a nucleon 
and an antinucleon. 

So far, there was no proof that broken exact symmetries always entail 
exactly massless particles, just a number of examples of approximate cal- 
culations in specific theories. In 1961 Jeffrey Goldstone gave some more 
examples of this sort, and a hand-waving proof that this was a general 
result. Such massless particles are today known as Goldstone bosons, or 
Nambu-Goldstone bosons. Soon after, Goldstone, Abdus Salam, and I 
made this into a rigorous and apparently quite general theorem. 

This theorem has applications in many branches of physics. One is 
cosmology. You may know that today the observation of fluctuations in 
the cosmic microwave background are being used to set constraints on the 
nature of the exponential expansion, known as inflation, that is widely be- 
lieved to have preceded the radiation dominated Big Bang. But there is a 
problem here. In between the end of inflation and the time the microwave 
background that we observe was emitted, there intervened a number of 
events that are not at all understood: the heating of the universe after in- 
flation, the production of baryons, the decoupling of cold dark matter, and 
so on. So how is it possible to learn anything about inflation by studying 
radiation that was emitted long after inflation, when we don’t understand 
what happened in between? The reason we can get away with this is that 
the cosmological fluctuations now being studied are of a type, known as 
adiabatic, that can be regarded as the Goldstone excitations required by a 
symmetry, related to general coordinate invariance, that is spontaneously 
broken by the spacetime geometry. The physical wavelengths of these cos- 
mological fluctuations were stretched out by inflation so much that they 
were very large during the epochs when things were happening that we 
don’t understand, so they then had zero frequency, which means that the 
amplitude of these fluctuations was not changing, so that the value of the 
amplitude relatively close to the present tells us what it was during inflation. 
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But in particle physics, this theorem was at first seen as a disappointing 
result. There was a crazy idea going around, which I have to admit that 
at first I shared, that somehow the phenomenon of spontaneous symmetry 
breaking would explain why the symmetries being discovered in strong in- 
teraction physics were not exact. Werner Heisenberg continued to believe 
this into the 1970s, when everyone else had learned better. 

The prediction of new massless particles, which were ruled out experi- 
mentally, seemed in the early 1960s to close off this hope. But it was a false 
hope anyway. Except under special circumstances, a spontaneously broken 
symmetry does not look at all like an approximate unbroken symmetry; it 
manifests itself in the masslessness of spin zero bosons, and in details of 
their interactions. Today we understand approximate symmetries such as 
isospin and chiral invariance as consequences of the fact that some quark 
masses, for some unknown reason, happen to be relatively small. 

Though based on a false hope, this disappointment had an important 
consequence. Peter Higgs, Robert Brout and Francois Englert, and Gerald 
Guralnik, Dick Hagen, and Tom Kibble were all led to look for, and then 
found, an exception to the theorem of Goldstone, Salam, and me. The 
exception applies to theories in which the underlying physics is invariant 
under local symmetries, symmetries whose transformations, like electro- 
magnetic gauge transformations, can vary from place to place in space and 
time. (This is in contrast with the chiral symmetry associated with the 
axial vector current of beta decay, which applies only when the symmetry 
transformations are the same throughout spacetime.) For each local sym- 
metry there must exist a vector field, like the electromagnetic field, whose 
quanta would be massless if the symmetry was not spontaneously broken. 
The quanta of each such field are particles with helicity (the component 
of angular momentum in the direction of motion) equal in natural units to 
+1 or —1. But if the symmetry is spontaneously broken, these two helicity 
states join up with the helicity-zero state of the Goldstone boson to form 
the three helicity states of a massive particle of spin one. Thus, as shown by 
Higgs, Brout and Englert, and Guralnik, Hagen, and Kibble, when a local 
symmetry is spontaneously broken, neither the vector particles with which 
the symmetry is associated nor the Nambu-Goldstone particles produced 
by the symmetry breaking have zero mass. 

This was actually argued earlier by Anderson, on the basis of the exam- 
ple provided by the BCS theory. But the BCS theory is non-relativistic, and 
the Lorentz invariance that is characteristic of special relativity had played 
a crucial role in the theorem of Goldstone, Salam, and me, so Anderson’s 
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argument was generally ignored by particle theorists. In fact, Anderson 
was right: the reason for the exception noted by Higgs et al. is that it 
is not possible to quantize a theory with a local symmetry in a way that 
preserves both manifest Lorentz invariance and the usual rules of quan- 
tum mechanics, including the requirement that probabilities be positive. 
In fact, there are two ways to quantize theories with local symmetries: one 
way that preserves positive probabilities but loses manifest Lorentz invari- 
ance, and another that preserves manifest Lorentz invariance but seems to 
lose positive probabilities, so in fact these theories actually do respect both 
Lorentz invariance and positive probabilities; they just don’t respect our 
theorem. 

The appearance of mass for the quanta of the vector bosons in a theory 
with local symmetry re-opened an old proposal of Chen Ning Yang and 
Robert Mills, that the strong interactions might be produced by the vector 
bosons associated with some sort of local symmetry, more complicated than 
the familiar electromagnetic gauge invariance. This possibility was specially 
emphasized by Brout and Englert. It took a few years for this idea to mature 
into a specific theory, which then turned out not to be a theory of strong 
interactions. 

Perhaps the delay was because the earlier idea of Nambu, that the 
pion was the nearly massless boson associated with an approximate chiral 
symmetry that is not a local symmetry, was looking better and better. I 
was very much involved in this work, and would love to go into the details, 
but that would take me too far from BCS. I'll just say that, from the 
effort to understand processes involving any number of low-energy pions 
beyond the lowest order of perturbation theory, we became comfortable 
with the use of effective field theories in particle physics. The mathematical 
techniques developed in this work in particle physics were then used by 
Joseph Polchinski and others to justify the approximations made by BCS 
in their work on superconductivity. 

The story of the physical application of spontaneously broken local sym- 
metries has often been told, by me and others, and I don’t want to take 
much time on it here, but I can’t leave it out altogether because I want to 
make a point about it that will take me back to the BCS theory. Briefly, 
in 1967 I went back to the idea of a theory of strong interactions based on 
a spontaneously broken local symmetry group, and right away, I ran into 
a problem: the subgroup consisting of ordinary isospin transformations is 
not spontaneously broken, so there would be a massless vector particle as- 
sociated with these transformations with the spin and charges of the rho 
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meson. This of course was in gross disagreement with observation; the rho 
meson is neither massless nor particularly light. 

Then it occurred to me that I was working on the wrong problem. What 
I should have been working on were the weak nuclear interactions, like beta 
decay. There was just one natural choice for an appropriate local symmetry, 
and when I looked back at the literature I found that the symmetry group I 
had decided on was one that had already been proposed in 1961 by Sheldon 
Glashow, though not in the context of an exact spontaneously broken local 
symmetry. (I found later that the same group had also been considered by 
Salam and John Ward.) Even though it was now exact, the symmetry when 
spontaneously broken would yield massive vector particles, the charged W 
particles that had been the subject of theoretical speculation for decades, 
and a neutral particle, which I called the Z particle, which mediates a 
“neutral current” weak interaction, which had not yet been observed. The 
same symmetry breaking also gives mass to the electron and other leptons, 
and in a simple extension of the theory, to the quarks. This symmetry 
group contained electromagnetic gauge invariance, and since this subgroup 
is clearly not spontaneously broken (except in superconductors), the theory 
requires a massless vector particle, but it is not the rho meson, it is the 
photon, the quantum of light. This theory, which became known as the 
electroweak theory, was also proposed independently in 1968 by Salam. 

The mathematical consistency of the theory, which Salam and I had 
suggested but not proved, was shown in 1971 by Gerard ’t Hooft; neutral 
current weak interactions were found in 1973; and the W and Z particles 
were discovered at CERN a decade later. Their detailed properties are just 
those expected according to the electroweak theory. 

There was (and still is) one outstanding issue: just how is the local 
electroweak symmetry broken? In the BCS theory, the spontaneous break- 
down of electromagnetic gauge invariance arises because of attractive forces 
between electrons near the Fermi surface. These forces don’t have to be 
strong; the symmetry is broken however weak these forces may be. But 
this feature occurs only because of the existence of a Fermi surface, so in 
this respect the BCS theory is a misleading guide for particle physics. In 
the absence of a Fermi surface, dynamical spontaneous symmetry break- 
down requires the action of strong forces. There are no forces acting on 
the known quarks and leptons that are anywhere strong enough to produce 
the observed breakdown of the local electroweak symmetry dynamically, 
so Salam and I did not assume a dynamical symmetry breakdown; in- 
stead we introduced elementary scalar fields into the theory, whose vacuum 
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expectation values in the classical approximation would break the sym- 
metry. 

This has an important consequence. The only elementary scalar quanta 
in the theory that are eliminated by spontaneous symmetry breaking are 
those that become the helicity-zero states of the W and Z vector particles. 
The other elementary scalars appear as physical particles, now generically 
known as Higgs bosons. It is the Higgs boson predicted by the electroweak 
theory of Salam and me that will be the primary target of the new LHC 
accelerator, to be completed at CERN sometime in 2008. 

But there is another possibility, suggested independently in the late 
1970s by Leonard Susskind and myself. The electroweak symmetry might 
be broken dynamically after all, as in the BCS theory. For this to be 
possible, it is necessary to introduce new extra-strong forces, known as 
technicolour forces, that act on new particles, other than the known quarks 
and leptons. With these assumptions, it is easy to get the right masses for 
the W and Z particles and large masses for all the new particles, but there 
are serious difficulties in giving masses to the ordinary quarks and leptons. 
Still, it is possible that experiments at the LHC will not find Higgs bosons, 
but instead will find a great variety of heavy new particles associated with 
technicolour. Either way, the LHC is likely to settle the question of how 
the electroweak symmetry is broken. 

It would have been nice if we could have settled this question by calcula- 
tion alone, without the need of the LHC, in the way that Bardeen, Cooper, 
and Schrieffer were able to find how electromagnetic gauge invariance is 
broken in a superconductor by applying the known principles of electro- 
magnetism. But that is just the price we in particle physics have to pay for 
working in a field whose underlying principles are not yet known. 
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This chapter describes how to perform model-independent searches for 
new pair-produced color octet particles that each subsequently decay 
into two jets plus missing energy. The details of this analysis are focussed 
on the Tevatron, however, all of the lessons can be carried over to the 
LHC. Current searches are not sensitive to all regions of parameter space 
because they employ CMSSM-motivated cuts. Optimizing the Hr and 
Er cuts expands the sensitivity of searches for all kinematically allowed 
decays. 


9.1. Introduction 


In many theories beyond the Standard Model, there is a new color octet 
particle that decays into jets plus a stable neutral singlet. This occurs, 
for example, in supersymmetry [1] and Universal Extra Dimensions [2], as 
well as Randall-Sundrum and Little Higgs models [3, 4]. As a result, jets 
plus missing transverse energy (Ær) is a promising experimental signature 
for new phenomena [5-8]. While jets and missing energy are promising 
searches, the multitude of different models means that care must be taken 
in designing searches so that all of these promising models (and hopefully 
ones that haven’t been proposed) so that the searches are sensitive to all 
of these different models. For instance, in the five parameter, constrained 
MSSM, gluinos are pair produced which cascade decays to winos that a 
third of their mass which subsequently decays to the bino which is half 
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the mass of the wino. In contrast, in Universal Extra Dimensions have 
a spectrum that is typically much more compact. Representative masses 
for the first Kaluza-Klein gluon and photon are 650 GeV and 500 GeV, 
respectively. This 30% mass splitting, in contrast to 600% for the CMSSM, 
means that the kinematics of the two signals are very different. In this 
contribution, we explore this difference. In going forward into the LHC 
era, searches for particles need to be as model independent as possible so 
that discoveries are not overlooked. 

Due to historical prejudices, all searches for jets and missing energy 
have been based upon the constrained MSSM. The current best limits on 
searches for non-Standard Model contributions to jets plus missing energy 
are from the Tevatron and at present, these searches are based upon the 
CMSSM [6, 7]. Both gluinos and squarks can decay to jets and a bino (B), 
the supersymmetric partner of the photon. The bino is stable, protected 
by a discrete R-parity, and is manifest as missing energy in the detector. 
Different jet topologies are expected, depending on the relative masses of 
the gluinos and squarks. 

There are many parameters in the MSSM and setting mass bounds in 
a multi-parameter space is difficult. This has lead to a great simplifying 
ansatz known as the CMSSM (or mSUGRA) parameterization of supersym- 
metry breaking. This ansatz sets all the gaugino masses equal at the grand 
unified scale. As a result, the ratio between the mass of the gluino and bino 
is constant (mg : mp = 6:1). Thus, the mass ratio between the gluino and 
bino is never scanned when searching through CMSSM parameter space, 
which means that there is a large region of kinematically accessible gluinos 
where there are no known limits. 

The CMSSM parametrization is not representative of all supersymmet- 
ric models. Other methods of supersymmetry breaking, such as anomaly, 
mirage, and non-Minimal gauge mediation, lead to different low-energy 
particle spectra where mg : mg is not necessarily constant. A more com- 
prehensive search strategy should be sensitive to all values of mg and mg. 

In this paper, we describe how model independent mass bounds can 
be placed on gluino and bino* masses. We will treat the gluino as the 
first new colored particle and will assume that it only decays to the the 
stable bino: g > qiq* — qq B . We show how a set of optimized cuts for 
Er and Hr = D Er can set much tighter mass bounds than current 
Tevatron searches. Our searches are closely based upon D@’s searches for 


*Throughout this note, we will call the color octet a “gluino” and the neutral singlet the 
“bino,” though nothing more than the color and charge is denoted by these names. 
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monojets [8], squarks and gluinos [6]. By taking this approach, we hope that 
our projected sensitivity is close to what is achievable and not swamped by 
an unforeseen background. 

By modeling the source of jets plus missing energy as a gluino with 
the scalars decoupled from the spectrum, we are making several explicit 
assumptions. Most obvious is the assumption that the new colored particle 
is a fermion. The spin of the new color octet and singlet is not known 
a priori, and the only selection rule is that the octet and singlet must 
have the same statistics. For fermions there is the additional ambiguity 
of whether the new particles are Dirac or Majorana. Spin correlations are 
incredibly difficult to infer and in practice the spin dependence can largely 
be captured by a simple re-scaling of the entire production cross section. 
(For a discussion of the difficulties of extracting spin information from the 
the LHC using angular correlations, see the article by Wang and Yavin in 
this volume.) 

If there are particles that can contribute to t-channel processes, then 
both the differential and integrated cross sections can be altered by the 
presence of these other particles. So long as the Tevatron is only kinemat- 
ically capable of producing the lightest new colored particle, any t-channel 
particles should be off-shell and the differential production cross section 
for the gluinos do not have a strong angular dependence. The ¢-channel 
particles will change the production cross section; however, since this will 
be treated as free parameter, there is no loss of generality by considering 
pure QCD production of the octet. 


9.2. Event Generation 


9.2.1. Signal 


The number of jets expected as a result of gluino production at the Teva- 
tron depends on the relative mass difference between the gluino and bino, 
mg — mg. When the mass splitting is much larger than the bino mass, 
the search is not limited by phase space and four or more well-separated 
jets are produced, as well as large missing transverse energy. The situation 
is very different for light gluinos (mg K 200 GeV) that are nearly degen- 
erate with the bino. Such light gluinos can be copiously produced at the 
Tevatron, with cross sections O(10? pb), as compared to O(10~? pb) for 
their heavier counterparts (mg 2 400 GeV). Despite their large produc- 


tion cross sections, these events are challenging to detect because the jets 
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Fig. 9.1. Boosted gluinos that are degenerate with the bino do not enhance the missing 
transverse energy when there is no hard initial- or final-state radiation. (A) illustrates 
the cancellation of the bino’s Ær. (B) shows how initial- or final-state radiation leads to 
a large amount of Ær even if the gluino is degenerate with the bino. 


from the decay are soft, with modest amounts of missing transverse energy. 
Even if the gluinos are strongly boosted, the sum of the bino momenta will 
approximately cancel when reconstructing the missing transverse energy 
(Fig. 9.1A). To discover a gluino degenerate with a bino, it is necessary 
to look at events where the gluino pair is boosted by the emission of hard 
QCD jets (Fig.9.1B). Therefore, initial-state radiation (ISR) and final-state 
radiation (FSR) must be properly accounted for. 

The correct inclusion of ISR/FSR with parton showering requires 
generating gluino events with matrix elements. Currently, only Mad- 
Graph/MadEvent [9] is capable of computing processes of the form 


pp > 99 + Nj, (9.1) 


where N is the multiplicity of QCD jets. The decay of the gluinos into 
a bino plus a quark and an antiquark, as well as parton showering and 
hadronization of the final-state partons, was done in PYTHIA 6.4 [10]. 

To ensure that no double counting of events occurs between the matrix- 
element multi-parton events and the parton showers, a version of the MLM 
matching procedure was used [11]. In this procedure, the matrix element 
multi-parton events and the parton showers are constrained to occupy dif- 
ferent kinematical regions, separated using the kų jet measure: 


d? (i, j) = AR; min (pp; Prj) 
d? (i, beam) = Pris (9.2) 
where AR}; = 2(cosh An — cos Ag) [12]. Matrix-element events are gener- 


ated with some minimum cut-off d(i, j) = QME. After showering, the par- 
tons are clustered into jets using the kr jet algorithm with a QPS, > QME 


min min’ 
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The event is then discarded unless all resulting jets are matched to par- 
PS 


min’ 
the highest multiplicity sample, extra jets softer than the softest matrix- 
element parton are allowed. This procedure avoids double-counting jets, 
and results in continuous and smooth differential distributions for all jet 
observables. 

The matching parameters (QME and QP$_) should be chosen resonably 
far below the factorization scale of the process. For gluino production, the 
parameters were: 


tons in the matrix-element event, d(parton, jet) < For events from 


ME = 20 GeV and QPS, = 30 GeV. (9.3) 


min min 


The simulations were done using the CTEQ6L1 PDF [13] and with 
the renormalization and factorization scales set to the gluino mass. The 
matched cross sections were rescaled to the next-to-leading-order (NLO) 
cross sections obtained using Prospino 2.0 [14]. 

Finally, we used PGS [15] for detector simulation, with a cone jet algo- 
rithm with AR = 0.5. As acheck on this procedure, we compared our results 
to the signal point given in [6] and found that they agreed to within 10%. 


9.2.2. Backgrounds 


The three dominant Standard Model backgrounds that contribute to the 
jets plus missing energy searches are: W/Z? + jets, tt, and QCD. There 
are several smaller sources of missing energy that include single top and 
di-boson production, but these make up a very small fraction of the back- 
ground and are not included in this study. 

The W/Z? + nj and tt backgrounds were generated using Mad- 
Graph/MadEvent and then showered and hadronized using PYTHIA. PGS 
was used to reconstruct the jets. MLM matching was applied up to three 
jets for the W/Z? background, with the parameters QME = 10 GeV and 

To = 15 GeV. The top background was matched up to two jets with 
QME = 14 GeV and QPS = 20 GeV. Events containing isolated leptons 
with pr > 10 GeV were vetoed to reduce background contributions from 
leptonically decaying W= bosons. To reject cases of Ær from jet energy mis- 
measurement, a lower bound of 90° and 50° was placed on the azimuthal 
angle between Ær and the first and second hardest jets, respectively. An 
acoplanarity cut of < 165° was applied to the two hardest jets. Because 
the DØ analysis did not veto hadronically decaying tau leptons, all taus 
were treated as jets in this study. 
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In general, QCD backgrounds are incredibly hard to simulate and are 
beyond the scope of PYTHIA and PGS. The QCD background was not 
simulated in this work. However, to avoid the regions where hadronically 
produced missing energy becomes the dominant background, a lower limit 
of Ær > 100 GeV was imposed. Additionally, in the dijet analysis, the 
azimuthal angle between the Ær and any jet with pr > 15 GeV and |n| < 
2.5 was bounded from below by 40°. This cut was not placed on the three 
jet or multijet samples because of the large jet multiplicities in these cases. 

For each of the W/Z? + nj and tt backgrounds, 500K events were 
generated. The results reproduce the shape and scale of the Ær and Hr 
distributions published by the DØ collaboration in [6] for 1fb~'. For the 
dijet case, where the most statistics are available, the correspondence with 
the DØ result is +20%. The result is similar for the tt background for both 
the three jet and multijet cuts. The W/Z? + nj backgrounds reproduce 
the D@ result to within 30 — 40% for the three jet and multijet cases. The 
increased uncertainty may result from insufficient statistics to fully populate 
the tails of the Ær and Hr distributions. PGS inefficiencies at losing a 
lepton may also contribute to the relative uncertainties for the WF + nj 
background. Heavy flavor jet contributions were found to contribute 2% 
to the W/Z? backgrounds and are well-below the uncertainties that arise 
from using PGS and not having NLO calculations for these processes. 


9.3. Projected Reach of Searches 


The goal of a model-independent gluino search is to have broad acceptance 
over a wide range of kinematical parameter space. The searches should be 
sensitive to cases where the gluino and bino are nearly degenerate, as well as 
cases where the gluino is far heavier than the bino. As already discussed, 
the number of jets and Ær depend strongly on both mg and mg : ma. 
Because the signal changes dramatically as the masses of the gluino and 
bino are varied, it is necessary to design searches that are general, but 
not closely tied to the kinematics. We divided events into four mutually 
exclusive searches for 1j+ Fr, 27+ Er, 3j+ Er, 4+j+£r. For convenience, 
we keep the nj + Ær classification fixed for all gluino and bino masses (see 
Table 9.1). These selection criteria were modeled after those used in DØ’s 
existing search [6]. Ultimately, these exclusive searches can be statistically 
combined to provide stronger constraints. 


bit should be noted, however, that the DØ searches are inclusive because each is designed 
to look for separate gluino/squark production modes (i.e., pp > 4q, G9, 99). 
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Table 9.1. Summary of the selection criteria for the four 
non-overlapping searches. The two hardest jets are required 
to be central (|n| < 0.8). All other jets must have |n| < 2.5. 


[| i Ar | 25+ Ar | 3j+Ær | 4tj+Ær | 


Monojet: S/B=1 Dijet: S/B=1 


Bino Mass (GeV) 
3 
Bino Mass (GeV) 


foo 200 300 400 50C foo 200 300 400 500 


Gluino Mass (GeV) Gluino Mass (GeV) 


Fig. 9.2. The sensitivity of DØ to gluinos degenerate with binos for monojet and dijet 
searches with S/B > 1. The monojet search has better reach, but quickly becomes 
ineffective when the gluino is not degenerate with the bino. 


Two cuts are placed on each search: H2"" and Æp™. In the DØ 
analysis, the Hr and Ær cuts are constant for each search. The signal (as 
a function of the gluino and bino masses) and Standard Model background 
are very sensitive to these cuts. To maximize discovery potential, these two 
cuts should be optimized for all gluino and bino masses. For a given gluino 
and bino mass, the significance (S/V S + B) is maximized over H™™ and 
FEr™™ in each nj + Ær search. Due to the uncertainty in the background 
calculations, the S/B was not allowed to drop beneath a minimal value. 
A conservative limit of S/B > 1 was placed and compared to the more 
aggressive lower limit of S/B > 0.3. The resulting 20 sensitivity plot using 
the optimized Hr and Ær cuts is shown in Fig. 9.4. 

For light and degenerate gluinos, the 1j + Ær and 2j + Ær searches both 
have good sensitivity as shown in Fig. 9.2. There is an intermediate degen- 
eracy where the 2j + Fr, 3j + Ær and 4* j + Ær all cover with some success, 
but there appears to be a coverage gap where no search does particularly 
well. If one does not impose a $/B requirement, a lot of the gap can be 
covered, but we feel that our background calculations are not sufficient to 
probe small S/B. For massive, non-degenerate gluinos, the 3j + Ær and 
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Fig. 9.3. The sensitivity of DØ to gluinos non-degenerate with binos for the three and 
four jet searches with S/B > 1. The four jet search has better reach at high masses. 


4tj+ Fr both give good sensitivity, with the 4+ j + Ær giving slightly more 
statistical significance as shown in Fig. 9.3. 

In the exclusion plot, the Ær and Hr cuts were optimized for each point 
in gluino-bino parameter space. However, we found that the exclusion 
region does not markedly change if the following set of generic cuts are 
placed for 200 GeV S mg S 350 GeV: 


(Hr, Er) = (150, 100)15+p,, (150, 100) 254 Er, 
(150, 100)3;4 pp, (200, 100) 4+54. gr (9.4) 
As a comparison, the cuts used in the D@ analysis are 


(Hr, Er) > (150, 150)154 pps (300, 225) 254 pm 
(400, 150)3;4 pr, (300, 100)4+54 pr (9.5) 


The lowered cuts provide better coverage for intermediate mass gluinos, as 
indicated in Fig. 9.4. For larger gluino masses, the generic cuts are no 
longer effective and it is necessary to use the optimized cuts, which are 
tighter than D@’s. While D@ technically has statistical significance in this 
high-mass region with their existing cuts, their signal-to-background ratio 
is less than unity. With the admitted difficulties in calculating the Standard 
Model backgrounds, setting exclusions with a low signal-to-background 
shouldn’t be done and fortunately can be avoided by tightening the Hr 
and Ær cuts. A similar phenomenon occurs in the degenerate gluino-bino 
region; again, tightening the monojet cuts increases the sensitivity. 


9.4. Implications for the LHC 


The philosophy of this proposed search can be carried over to the LHC. 
Since jets and missing energy are a particularly difficult channels to search 
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Fig. 9.4. The 95% sensitivity of DØ to discover gluinos. The dark gray region corre- 
sponds to S/B > 1, while the light gray shows the reach for S/B > 0.3. The dashed and 
solid lines show the corresponding exclusion regions using D@’s non-optimized Hy and 
Er cuts. 


in, early on, this channel will not be competitive with many other searches 
that use leptons. Therefore, by the time that these searches are being 
considered, there may be big hints as to where to search for the new physics. 
However, even in the absence of spectacular new signals, these jets plus 
missing energy searches will become even more important because these 
signals are arguably the largest channels for producing new physics. 

At the LHC, there are potentially some significant differences from the 
Tevatron case. First, the LHC will increase the center of mass energy 
from 2 TeV to 14 TeV. This has important implications for the relevant 
backgrounds. The QCD background that is poorly understood partially 
arises due to neutrinos in semi-leptonic decays and jet mismeasurement. 
Semi-leptonic decays are less important at high energies because the frag- 
mentation of heavy quarks becomes softer, meaning that the fraction of 
the jet energy that the neutrino can carry off decreases. The both CMS 
and ATLAS have significantly better calorimetry than either CDF or DØ, 
and this leads to the hope that missing energy from jet mismeasurement 
will be proportionately better than at current detectors. This leads to the 
hope that the amount of missing energy arising from physics that is not 
electroweak or top will be not be significantly more difficult than at the 
Tevatron. 

The backgrounds from pair produced top will be the most challenging 
to calibrate. Already at the Tevatron, in the four jets plus missing energy 
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channel, the top background is dominant and the effects from radiation 
from additional jets is visible. It may be necessarily to increase the missing 
energy cuts significantly to reduce top backgrounds to manageable levels. 
For reference, the top cross section at the Tevatron is 7 pb while at the LHC 
it is expected to be 1000 pb, an increase by over two orders of magnitude. 

Weak vector bosons will be an important background to jets plus missing 
energy. The increase of energy will lead to a dramatic increase in the cross 
section to produce multiple hard jets in addition to a weak vector boson. 
For instance, with a jet definition of Er > 20 GeV, the cross section for 
W= + 1j will increase by about one order of magnitude, while the cross 
section for W= + 47 will increase by over two two orders of magnitude. 
The spectrum for the hard jets falls off rapidly in Er, and by raising the 
definition of jets from 35 GeV at the Tevatron, to 70 GeV or higher will 
most likely be necessary. This raising of the jet threshold is not without 
cost since compressed spectra will have fewer numbers of jets, and thus 
having larger backgrounds to contend with. 

Finally there will be backgrounds that were subdominant at the Teva- 
tron that will become more important at the LHC. One of these is di-boson 
production plus jets. Another is single top production which was first mea- 
sured at the Tevatron and will become an important background. There 
are also new processes that could be important if the new physics have a 
modest cross section. One such background is four top production that has 
100 fb. 

The general strategy of cut-based searches should still be possible where 
one defines the different nj + Ær samplees and place optimized Hr and Ær 
cuts. It might be possible gain in the sensitivity by considering multiple 
jet energy definitions there could be additional power to discriminate signal 
from background. 


9.5. Conclusions and Outlook 


In this chapter, we describe the sensitivity that D@ has in searching for 
gluinos away from the CMSSM hypothesis in jets + Ær searches. It was as- 
sumed that the gluino only decayed to two jets and a stable bino. However, 
many variants of this decay are possible and the search presented here can 
be generalized accordingly. 

One might, for example, consider the case where the gluino decays dom- 
inantly to bottom quarks and heavy flavor tagging can be used advanta- 
geously. Cascade decays are another important possibility. Decay chains 
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have a significant effect upon the searches because they convert missing 
energy into visible energy. In this case, additional parameters, such as the 
intermediate particle masses and the relevant branching ratios, must be 
considered. In the CMSSM, the branching ratio of the gluino into the wino 
is roughly 80%. While this cascade decay may be representative of many 
models that have gluino-like objects, the fixed mass ratio and branching 
ratio are again artifacts of the CMSSM. A more thorough examination of 
cascade decays should be considered. 

In addition to alternate decay routes for the gluino, alternate produc- 
tion modes are important when there are additional particles that are kine- 
matically accessible. In this chapter, it was assumed that the squarks are 
kinematically inaccessible at the Tevatron; however, if the squarks are ac- 
cessible, gq and qq production channels could lead to additional discovery 
possibilities. For instance, a gluino that is degenerate with the bino could 
be produced with a significantly heavier squark. The squark’s subsequent 
cascade decay to the bino will produce a great deal of visible energy in the 
event and may be more visible than gluino pair production.° 

Ultimately, a model-independent search for jets plus missing energy 
would be ideal. We believe that our exclusive nj + Ær searches, with results 
presented in an exclusion plot as a function of Hr and Ær, would provide 
significant coverage for all of these alternate channels. This analysis should 
be carried forward to the LHC to ensure that the searches discover all 
possible supersymmetric spectra. The general philosophy of parameterizing 
the kinematics of the decay can be easily carried over. The main changes 
are in redefining the Hr and Ær cuts, as well as the definition for the hard 
jet energy scale. We expect a similar shape to the sensitivity curve seen in 
Fig. 9.4, but at higher values for the gluino and bino masses. This means 
that it is unlikely that there will be a gap in gluino-bino masses where 
neither the Tevatron or the LHC have sensitivity. 
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10.1. Naturalness in Scientific Thought 


Everything is natural: if it weren't, it wouldn’t be. 
Mary Catherine Bateson [1] 


Almost every branch of science has its own version of the “naturalness 
criterion.” In environmental sciences, it refers to the degree to which an 
area is pristine, free from human influence, and characterized by native 
species [2]. In mathematics, its meaning is associated with the intuitive- 
ness of certain fundamental concepts, viewed as an intrinsic part of our 
thinking [3]. One can find the use of naturalness criterions in computer 
science (as a measure of adaptability), in agriculture (as an acceptable 
level of product manipulation), in linguistics (as translation quality assess- 
ment of sentences that do not reflect the natural and idiomatic forms of 
the receptor language). But certainly nowhere else but in particle physics 
has the mutable concept of naturalness taken a form which has become so 
influential in the development of the field. 

The role of naturalness in the sense of “aesthetic beauty” is a powerful 
guiding principle for physicists as they try to construct new theories. This 
may appear surprising since the final product is often a mathematically 
sophisticated theory based on deep fundamental principles, and one could 
believe that subjective æsthetic arguments have no place in it. Neverthe- 
less, this is not true and often theoretical physicists formulate their theories 
inspired by criteria of simplicity and beauty, i.e. by what Nelson [4] de- 
fines as “structural naturalness.” When Einstein was asked what he would 
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have done, had Eddington’s observation of the 1919 solar eclipse disproved, 
rather than confirmed, his theory, he simply replied: “Then I would have 
felt sorry for the dear Lord” [5]. Clearly he was confident that the structural 
naturalness of general relativity was no frippery. 

Structural naturalness is a powerful inspirational principle but, of 
course, it cannot be used to validate a theory. Moreover, since it is sub- 
jected to philosophical influences and to the limited scientific knowledge of 
the time, sometimes it can even be misleading. From a modern point of 
view, the solar system is more naturally explained by a heliocentric theory, 
in which planetary motions are described by simple elliptic orbits, rather 
than by a geocentric theory, which requires the introduction of different 
epicycles for each planet. But to predecessors and contemporaries of Coper- 
nicus a geocentric theory probably appeared more natural. Tycho Brahe 
discarded a heliocentric description of the solar system with the harsh, but 
rather unconvincing, argument that the Earth is a “hulking, lazy body, unfit 
for motion” [6]. Certainly Aristotelian and biblical influences had their part 
in forming this belief, but a big role was played by the incorrect scientific 
notion that we would be able to feel the Earth moving under our feet. 

Aristarchus of Samos was the first to postulate that the Sun was at 
the center of the universe, but the ancient Greeks ruled out the helio- 
centric model based on the following “naturalness” argument. Assuming 
proportionality between the period and the radius of planetary orbits, they 
obtained that Saturn is 29 times as far from the Sun than the Earth, since 
the period of Saturn was known to be 29 years. Using trigonometry and 
some astronomical observations, Aristarchus obtained the Sun-Earth dis- 
tance expressed in terms of the Earth radius Rẹ previously deduced by 
Erathostenes with his famous measurement of the inclination of the solar 
rays in Alexandria when the Sun was at zenith in Syene. This placed Saturn 
at a distance of 20,000 Rẹ from the Earth? [7]. Since Saturn was the out- 
ermost known planet, it was natural to assume that the universe was about 
the same size. But if the Earth orbits around the Sun, we should observe a 
parallax effect for stars on a celestial sphere of radius 20,000 Rẹ. No stellar 
parallax could be observed with naked eye (for Alpha Centauri, the closest 
star, the parallax angle is actually only about one second of arc), and the 
heliocentric model was rejected. Copernicus dispensed with the parallax 
objection by refuting the natural assumption about stellar distances and 
required that stars be at least 1,500,000 Rg away from us. 


aThe modern value of the minimum distance between Saturn and Earth is 1.9 x 10° Rg. 
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Structural naturalness, because of its subjective character, cannot be 
quantitatively defined. It is related to what the 1936 medicine Nobel laure- 
ate Henry Dale defines as “the subconscious reasoning which we call instinc- 
tive judgement” [8]. A more precise form of naturalness criterion has been 
developed in particle physics and it is playing a fundamental role in the 
formulation of theoretical predictions for new phenomena to be observed at 
the LHC. This criterion, called “numerical naturalness” by Nelson [4], will 
be the subject of this essay. 


10.2. Drowning by Numbers 


I am ill at these numbers. 


William Shakespeare [9] 


Our story starts with the observation that the ratio between the Fermi 
constant Gr and the Newton constant Gy, which characterize respectively 
the strengths of the weak and gravitational forces, is a very large num- 
ber? [10] 

Gale 1.738 59(15) x 1033. (10.1) 
GN 
The powers of the Planck constant A and of the speed of light c have been 
introduced in Eq. (10.1) to express the ratio as a pure number. 

The human mind has always held in special fascination the pure num- 
bers. Pythagoras went as far as believing that numbers are not just useful 
tools to describe the properties of nature but rather have special attributes 
that cause the various qualities of matter. Philolaus, a Pythagorean con- 
temporary of Socrates and Democritus, expressed the idea that five is the 
cause of color, six of cold, seven of health, eight of love [11]. These mystic 
properties of numbers are summarized in the motto of the Pythagorean 
school: “All is number.” 

In a modern context, some numerical constants that appear in equations 
describing the fundamental laws of physics have often been the object of 
keen speculation. Sometimes these speculations are mere numerological 
exercises, but occasionally they are rewarded by a true understanding of 
deeper physical laws. When in 1885 Balmer first derived [12] a simple 
formula fitting the data for the frequencies v of the hydrogen spectral lines 

v=R (= — =) with m > n integers, (10.2) 


bThe figures in parenthesis give the one standard-deviation uncertainty in the last digits. 
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he expressed bewilderment for “agreement which must surprise to the high- 
est degree” [13], but little did he suspect that Bohr’s quantum interpreta- 
tion [14] was lurking behind it. 

There are, however, less fortunate examples. From the very early times 
of electromagnetism and quantum mechanics, it was immediately recog- 
nized the special role of the fine-structure constant a, a pure number con- 
structed out of several fundamental quantities [10] 


a 4reoħe 


Qa 
e2 


= 137.035 999 11(46). (10.3) 


Given its importance, there has been no lack of attempts to “derive” a 
with simple numerical expressions. Early measurements were not even in- 
compatible with the belief that a~' must be an integer [15]. The hope 
was that finding the right formula for œ would have opened the door to- 
wards a new theory underlying quantum electrodynamics, and curiously 
accurate expressions are, among many, a! = (874/9)(245!/m°)!/4 [16], 
aT! = 1087r(8/1843)!/6 [17], a7} = 2719/4310/3517/4r-2 118), a7! = 
(1372 + 7?)"2 [19]. Even Heisenberg apparently took part in the game, 
with a less accurate try, a~! = 243°/7 [20]. But, alas, these attempts are 
not particularly illuminating. Actually, a conceptual derivation of the fine- 
structure constant can be done in the context of grand unification, but the 
formula for a is certainly no easy guess for amateur numerologists.° 

The reason why speculating on the values of the fundamental constants 
may be meaningful is the reductionist belief in the existence of an under- 
lying theory in which all dimensionless parameters are determined and com- 
putable. Einstein was firmly convinced that all forces must have an ultimate 
unified description and he even speculated on the uniqueness of this funda- 
mental theory, whose parameters are fixed in the only possible consistent 
way, with no deformations allowed: “What really interests me is whether 
God had any choice in the creation of the world; that is, whether the neces- 
sity of logical simplicity leaves any freedom at all” [21]. This reductionist 
belief has enjoyed a spectacular success during the last century, bringing 
physics from the state of disconnected subjects (mechanics, optics, electro- 
©The formula is 


sin? Ow (bi — b3) + 3 cos? Ow (b3 — b 
Q = Qs sin” Ow (bı — bs) + 5 cost Ow (bs — b2) + higher-order terms. 


(bı — b2) 
Here, the fine-structure constant a, the strong coupling constant as and the weak mixing 
angle 0w are evaluated at the same renormalization scale and b1,2,3 are the gauge (- 
function coefficients. Higher-order terms cannot be neglected to achieve a prediction 
that matches the experimental accuracy. 
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magnetism, thermodynamics, etc.) into the unified description of the Stan- 
dard Model which, with a handful of free parameters, can accurately predict 
the properties of matter from distances down to about 10716 cm to the con- 
ditions of the universe one second after the big bang. Nevertheless, it is this 
handful of free parameters which still escapes our understanding, prevent- 
ing the fulfillment of Einstein’s program. The determination of the ratio 
between Fermi and Newton constants in Eq. (10.1) is part of this puzzle. 

The striking feature of the ratio in Eq. (10.1) is that its numerical value 
is huge. If the free parameters of the elementary-particle Standard Model 
are ultimately derived from a more fundamental theory, they may carry 
information about deeper laws of physics. What we observe as constants of 
order unity in the Standard Model could have a well-defined mathematical 
expression, in the more fundamental theory, containing numbers like 2, 7 
or the like. On the other hand, if the constant is measured to be equal to a 
very large number, its ultimate expression cannot be a simple combination 
of 2’s and m’s and we are inclined to think that some important properties 
of the final theory can be learnt from its value. 

The lure of very large numbers is especially addicting. Eddington was 
stricken by the thought that the number of protons (equal to the number of 
electrons) in the universe, which he computed [22] to be equal to something 
like 108°, must be an exact integer number Ng. He was convinced that Ng 
was not an accidental peculiarity of our universe, but rather a fundamental 
constant of nature. From this he deduced that the gravitational force be- 
tween an electron and a proton (Gym_em,/r?) in a system of Ng particles 
is given by the statistical fluctuation (\/Nz) of the electric force between 
the two particles (e?/r?) and therefore [23] 


e2 


Guia = y Ne. (10.4) 
For Np = 108°, this well agrees with the measured value e?/Gnmemp = 
2.85 x 104°. To modern readers (and actually to many of his contemporaries 
as well) this argument has too much of a kabbalistic flavor. Nevertheless, 
it inspired Dirac to make his Large Number Hypothesis [24]. Any very 
large number occurring in nature should be simply related to a single very 
large number, which he chose to be the age of the universe. Indeed, he 
constructed three dimensionless numbers which all happen to be very close 
to 104°: the ratio of the size of the observable universe to the electron 
radius, the ratio of electromagnetic-to-gravitational force between protons 


dMy considerations here refer only to constants which are given by pure numbers; 
dimensionful constants define the units of measure. 


160 G. F. Giudice 


and electrons, and the square root of the number of protons in the observ- 
able universe. To satisfy the Large Number Hypothesis, the ratio between 
any of these three numbers should remain roughly constant during the ex- 
pansion of the universe. This can be achieved only if some fundamental 
constants vary with time, in order to maintain the proportionality of the 
three numbers. From this Dirac argued that the Newton constant Gy 
should vary during the evolution of the universe, and he predicted its time 
dependence. This startling result and the fact that Dirac’s paper was writ- 
ten during his honeymoon prompted Bohr’s remark: “Look what happens 
to people when they get married!” [25]. Indeed, Dirac’s prediction was not 
very successful. His modification of gravity in the past would have changed 
the energy output of the Sun such that the oceans would have boiled in the 
pre-Cambrian era, while in fact life developed on Earth much earlier [26]. 
One lesson that we can learn from Dirac’s hypothesis is that the exis- 
tence of large numbers in nature may have nothing to do with the proper- 
ties of the fundamental theory, but rather are the result of the cosmological 
history of our universe. Actually, as was first pointed out by Dicke [27], 
the largeness of the three numbers examined by Dirac has a very simple 
explanation, which does not require any time-varying Newton constant. 
In order to reach the biochemical complexity that we observe on Earth, 
it is necessary for the universe to produce carbon, nitrogen, oxygen and 
other heavy elements which are synthesized in main-sequence stellar evo- 
lution and then dispersed throughout space by supernova explosions. An 
estimate of the time required by these processes, together with the informa- 
tion that the universe expands, shows that the three numbers considered 
by Dirac should indeed be at least as large as we observe them. Actually, 
they couldn’t be much larger either, because otherwise hydrogen-burning 
stars, like our Sun, would have all burnt out. This means that we should 
have expressed surprise if Dirac’s numbers had turned out to be of order 
one or much bigger than what they are, but their actual values lie indeed 
in the most reasonable range. A vast and old universe is an inevitable con- 
sequence of having observers like us. It is just a matter of the observer’s 
point of view: although on Earth the Chinese are a million times more 
common than Mount Athos’ inhabitants, if you happen to wonder around 
the Greek peninsula’s monasteries, you will not be surprised to know that 
you have a much larger probability to encounter an orthodox monk rather 
than a Chinese person. In short, Dirac’s problem appears as a red herring. 
Can it be that also the Gr/Gwy ratio in Eq. (10.1) is large because of 
cosmological evolution or because of statistical probability, but carries no 
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information whatsoever of the theory beyond the Standard Model? I will 
come back to this question later, but for the moment it is more urgent to 
understand why the largeness of the number in Eq. (10.1) has anything to 
do with collider experiments at the LHC. 


10.3. A Quantum Complication 


Anyone who is not shocked by quantum 
theory has not understood a single word. 
Niels Bohr [28] 


The really problematic aspect about the Gr/Gy ratio in Eq. (10.1) 
comes about when we consider the effects of quantum mechanics. In a quan- 
tum theory, the vacuum is a very busy place. Particle-antiparticle pairs are 
constantly produced out of nothing, violating the energy-conservation law 
by borrowing an amount of energy E from the vacuum for a time t such 
that E t < h, according to Heisenberg’s uncertainty principle. These “vir- 
tual” particles created from the vacuum have the same quantum numbers 
and properties as ordinary particles, with the exception that their energy- 
momentum relation is unusual (E? — p? 4 m?). In the Standard Model, the 
size of Gr is determined (up to coefficients which are unimportant for our 
discussion) by the mass of the Higgs boson my , according to the relation 
Grr my. As the Higgs boson propagates in the quantum vacuum, it feels 
the presence of virtual particles and interacts with them. A characteristic 
property of the Higgs boson is to interact with any Standard Model particle 
with a strength proportional to the corresponding particle mass. Indeed, 
as Lenin once explained, “The Higgs mechanism is just a reincarnation of 
the Communist Party: it controls the masses” [29]. When virtual particles 
appear in the vacuum, they interact with the Higgs boson with an effec- 
tive strength determined by the available energy E. Because of quantum 
corrections, the motion of the Higgs boson in the vacuum populated by 
virtual particles is affected by an amount proportional to E. As a result, 
the Higgs-boson squared mass m7, receives an additional contribution 


ôm = kA’, (10.5) 


where A is the maximum energy E accessible to virtual particles and « is 
a proportionality constant, which is typically® in the range of 107?. 
©The contribution to k coming from virtual particles with the quantum numbers of the 


Standard Model degrees of freedom will be given in Sec. 10.6, see Eq. (10.9). It amounts 
to s = 3 x 10-2. 
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A simple analogy can help us understand the result in Eq. (10.5). Let 
us replace the quantum fluctuations of the vacuum with the more familiar 
thermal fluctuations of a thermodynamic system of a large number of parti- 
cles at a temperature T. The particles (which I will call P) in this thermal 
bath play the role of the virtual particles in the quantum vacuum, and T 
the role of the maximum available energy A. Let us now insert inside the 
box containing this hot P-particle gas a different particle initially at rest. I 
will call it H, as it plays the role of the Higgs in my analogy. At some ini- 
tial time, H has zero velocity and therefore its energy is equal to its mass, 
which I take it to be much smaller than the temperature (Ey = my <& T). 
However, by statistical-mechanics arguments, we expect that the collisions 
of the particles P will soon bring H in thermal equilibrium, and therefore 
its energy will quickly become of order T. This is very similar to what 
happens in the quantum system, where the Higgs mass is pushed towards 
A, because of quantum-fluctuation effects. 

The donb aspect of Eq. (10.5) is that it predicts that the Higgs 
r”) 


mass my (~ G should be close to the maximum energy allowed by the 


theory. If the maximum energy is equal to the Planck mass Mp, (= Gy! a), 
we find that the ratio Gr/Gy is predicted to be rather close to unity, in 
strong contradiction with the measured value of 1033, see Eq. (10.1). 

One possible way out of the puzzle introduced by Eq. (10.5) is to assume 
that, once we include all quantum effects, the coefficient « in Eq. (10.5) is 
incredibly smaller than its typical value of 1072. This requires a very precise 
cancellation of the different contributions to my coming from different vir- 
tual particles at different energy scales. For instance, if we take A = Mp), 
the cancellation in x must be one part in 107. This could occur just 
accidentally, as a result of the particular values chosen by nature for all the 
numerical constants entering in particle physics. But a purely fortuitous 
cancellation at the level of 1032, although not logically excluded, appears 
to us as disturbingly contrived. This is not what Einstein had in mind 
when he imagined a theory in which logical simplicity leaves no freedom 
at all. 

Just to get a feeling of the level of parameter tuning required, let me 
make a simple analogy. Balancing on a table a pencil on its tip is a subtle 
art that requires patience and a steady hand. It is a matter of fine tuning 
the position of the pencil such that its center of mass falls within the surface 
of its tip. If R is the length of the pencil and r the radius of the tip surface, 
the needed accuracy is of the order of r2/R?. Let us now compare this with 
the fine tuning in «. The necessary accuracy to reproduce Gr/Gy is equal 
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to the accuracy needed to balance a pencil as long as the solar system on 
a tip a millimeter wide! 

This has led to a widespread belief among particle physicists that such 
an apparently fantastic coincidence must have some hidden reason. If we 
do not appeal to any special cancellation and fix « to its expected value 
of 10~?, then we can use Eq. (10.5) to extract the maximum energy up to 
which we can extrapolate our present knowledge of particle physics, and we 
find A = TeV. Beyond the TeV a new theory should set in, modifying the 
Higgs mass sensitivity to quantum corrections. The LHC experiments, by 
studying particle collisions at energies above the TeV, will explore this new 
energy regime and will be able to tell us if the Standard Model is replaced 
by a new theory. 


10.4. The Naturalness Criterion as a Principle 


I have never lived on principles. 
Otto von Bismark 


We are now ready to formulate the naturalness criterion. Let us consider 
a theory valid up to a maximum energy A and make all its parameters 
dimensionless by measuring them in units! of A. The naturalness criterion 
states that one such parameter is allowed to be much smaller than unity 
only if setting it to zero increases the symmetry of the theory [30]. If this 
does not happen, the theory is unnatural. 

There are two fundamental concepts that enter this formulation of the 
naturalness criterion: symmetry and effective theories. Both concepts have 
played a pivotal role in the reductionist approach that has successfully led 
to the understanding of fundamental forces through the Standard Model. 

In modern physics, symmetries are viewed as fundamental requirements 
that dictate physical laws. If a parameter of the theory is equal to zero 
because of a symmetry, it will remain zero even after we have included 
all quantum corrections.? This is why a small parameter is not necessarily 
problematic, if it is “protected” by a symmetry according to the naturalness 
criterion stated above. 

In the Standard Model there is no symmetry protecting the Higgs mass 
and this is the basic cause of the large quantum corrections in Eq. (10.5) 
fHere I am following the usual convention of setting A = c = 1. 


8Anomalous symmetries are exceptions to this rule, but they are not relevant to our 
discussion. 
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that bring my close to A. The absence of a symmetry protecting my is 
linked to the spin-zero nature of the Higgs boson, as can be understood by a 
simple argument. Massless particles of spin 1/2 or higher have two degrees 
of freedom. Massive particles of spin® 1/2 or higher have more than two 
degrees of freedom. Therefore there is a conceptual distinction between 
the massless and massive cases. This distinction is due to the presence 
of an extra symmetry in the massless theory (gauge symmetry for spin 1, 
chiral symmetry for spin 1/2). The symmetry allows us to eliminate some 
degrees of freedom from the massless theory. This argument is valid for 
any particle with spin 1/2 or higher, but not for spin 0. There exist special 
symmetries able to protect spin-0 masses (non-linearly realized symmetries, 
supersymmetry) but they are not present in the Standard Model. This is 
why the Higgs boson is viewed as “unnatural.” 

The second ingredient of the naturalness criterion is the use of effec- 
tive field theories [31]. Effective field theories are an extremely powerful 
concept. The idea is that, in a quantum field theory, it is possible to com- 
pute any physical process involving particles with momenta smaller than a 
maximum scale A by replacing the original theory with a truncated version 
of it. This effective theory is expressed in terms of local operators that 
involve only light degrees of freedom. This means that the dynamics of low 
energies (large distances) can be fully described and computed by encoding 
the information of high energies (small distances) into a finite number of 
parameters. Effective field theories are a powerful realization of the re- 
ductionist approach. As we increase the distance scale, we increase the 
complexity of the system and new phenomena emerge. These phenomena 
are best described by an effective theory, for which knowledge of the full 
details of the underlying theory is unnecessary, but can be summarized in 


hSpin-1/2 Majorana particles are an exception. However, the symmetry argument ap- 
plies also to this case, since the Majorana mass term violates the associated fermion 
number. 

iThis difference between massless and massive particles can be intuitively understood. A 
photon has two polarizations, the transverse modes along the direction of motion. But 
for a massive spin-1 particle, we can go to a reference frame where the particle is at 
rest. In that frame, we cannot distinguish between transverse and longitudinal modes, 
and therefore rotational invariance requires the existence of three polarization states. 
An analogous argument is valid for the spin-1/2 case. A massless spin-1/2 particle has 
a definite chirality. However, for a massive particle, with a boost along the direction 
of motion we can go to a frame where the chirality is opposite. Therefore relativistic 
invariance requires the massive particle to possess both chirality states. The argument 
cannot be repeated for a spin-0 particle, because there is no direction intrinsically defined 
by the particle itself. 
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a finite number of parameters. These parameters can be experimentally 
measured or theoretically derived (and possibly both). The way thermo- 
dynamics can be derived from statistical mechanics is a good example of 
this reductive process. 

The naturalness criterion, as stated above, excludes the possibility that 
the parameters that encode the information of physics at very short dis- 
tances are correlated with dynamics of the effective theory occurring at 
large distances. Such a correlation would signal a breakdown of the philos- 
ophy underlying the effective-theory approach.) If the naturalness criterion 
is a good guiding principle, we expect to discover new particles at the 
LHC, associated to the taming of the Higgs-mass quantum corrections. If 
experiments at the LHC find no new phenomena linked to the TeV scale, 
the naturalness criterion would fail and the explanation of the hierarchy 
Gr/Gy would be beyond the reach of effective field theories. 


10.5. An Account of Events 


History is a set of lies agreed upon. 
Napoléon Bonaparte 


The concept of naturalness and its implications for electroweak physics 
did not spring from a single paper but, rather, they developed through a 
“collective motion” of the community which increasingly emphasized their 
relevance to the existence of physics beyond the Standard Model. I will give 
here a short account of how the naturalness criterion for the Higgs boson 
mass was developed by theoretical particle physicists. 

Starting in 1976, the work by Gildener and Weinberg [33] revealed a 
conceptual difficulty with the recently discovered grand unified theories, 
the so-called hierarchy problem. One-loop quantum corrections were found 
to give contributions to the Higgs mass proportional to the mass of the 
superheavy states, of the order of Maur = 10!4~1° GeV. Keeping a hier- 
archical separation of scales between My and Maur required fine tuning 
the parameters of the theory of more than 1074. This is nothing less than 
a specific realization of the Higgs naturalness problem, in the presence of 
a theory with two widely separated scales. Even today some people find 


JThis would not mean that the effective-theory approach is useless. It would only mean 
that certain properties of the theory cannot be captured by low-energy arguments alone. 
The conjecture of gravity as the weakest force [32], if true, is one example of a theoretical 
property that cannot be derived using an effective-theory approach. 
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it easier to understand and to accept the naturalness problem in this con- 
text, since one makes no reference to cut-off (and regularization procedure) 
dependent quantities of the effective theory.* 

In 1978, Susskind [35] introduced the naturalness problem of the Higgs 
as a primary motivation for his proposal of technicolor, giving however 
full credit to Wilson for pointing out the conceptual difficulty linked to 
the existence of fundamental scalar particles. Indeed, in an article writ- 
ten at the end of 1970, Wilson had clearly expressed the problem, from an 
effective-theory point of view: “It is interesting to note that there are no 
weakly coupled scalar particles in nature; scalar particles are the only kind 
of free particles whose mass term does not break either an internal or a 
gauge symmetry. This discussion can be summarized by saying that mass or 
symmetry-breaking terms must be “protected” from large corrections at large 
momenta due to various interactions (electromagnetic, weak, or strong). A 
symmetry-breaking term h) is protected if, in the renormalization-group 
equation for hy, the right-hand side is proportional to hy or other small 
coupling constants even when high-order strong, electromagnetic, or weak 
corrections are taken into account [...]. This requirement means that weak 
interactions cannot be mediated by scalar particles” [36]. He could not have 
been more explicit. Nevertheless, in 2004 Wilson completely retracted, 
while recalling the results he obtained in the early 1970’s: “The final blun- 
der was a claim that scalar elementary particles were unlikely to occur in 
elementary particle physics at currently measurable energies [...]. This 
claim makes no sense” [37]. 

The naturalness criterion, in the way I stated it in Sec. 10.4, was formu- 
lated by ’t Hooft in lectures held in 1979 [30]. Actually a precursor of this 
criterion was Gell-Mann’s totalitarian principle which states: “Everything 
which is not forbidden is compulsory.”! It refers to the property, largely con- 
firmed by experimental evidence, that every interaction term not explicitly 
forbidden by conservation laws must be present. Quantum corrections in an 


kShaposhnikov [34] concedes that there is a Higgs naturalness problem in presence of 
Maur, but he argues that in the absence of any new mass scale between the weak and 
the Planck scale the problem may not exist since, according to him, the Planck mass 
could be conceptually different from the field-theoretical ultraviolet cutoff of the effective 
low-energy theory. 

‘Although the totalitarian principle is indisputably attributed to Gell-Mann, I could not 
trace the original source. The earliest reference to it that I found is Ref. [38]. In the 
first version of this essay I stated that the totalitarian principle’s expression is borrowed 
from “The Once and Future King” by T.H. White, published in 1958. I thank Stanley 
Deser who pointed out to me that the expression is actually coming from “Nineteen 
Eighty-Four” by G. Orwell, published in 1949. 
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effective theory appear to enforce the totalitarian principle by giving large 
contributions to parameters that are not forbidden by a symmetry. 

Although by 1979 the Higgs-naturalness problem had been clearly 
spelled out, supersymmetry as a possible solution is only mentioned in 
some lectures held by Maiani in that year: “In a supersymmetric theory, 
one could hope to obtain that the bare curvature of Ver vanishes and it is 
not renormalized by radiative corrections [...] No concrete model of this 
type have been constructed yet” [39]. Supersymmetric models were being 
developed for years, most notably by Fayet [40], but with no connection 
to the naturalness problem. Although the non-renormalization theorems 
had already been discovered, supersymmetry was seen more as a way to 
unify gravity and gauge forces [41], rather than a way to address the hier- 
archy problem. Probably many physicists did not attach great importance 
to the naturalness problem of the Higgs mass, simply because the Higgs 
model did not appear to be very compelling, as was expressed by Iliopou- 
los in the 1979 Einstein Symposium: “Several people believe, and I share 
this view, that the Higgs scheme is a convenient parametrization of our 
ignorance concerning the dynamics of spontaneous symmetry breaking and 
elementary scalar particles do not exist” [42]. 

Things changed by 1981. At the end of 1980 Veltman had published 
an influential paper emphasizing the problem [43]. In 1981 Witten clearly 
pointed out how supersymmetry can solve the naturalness problem and ex- 
plained the crucial role of dynamical supersymmetry breaking [44]. About 
a month later Dimopoulos and Georgi [45], using the results of Girardello 
and Grisaru on soft supersymmetry breaking [46], developed a simple and 
realistic grand unified supersymmetric model. The age of supersymmetric 
model building had started and an explosion of activity followed. Since 
then, the Higgs naturalness problem has become one of the most studied 
puzzles in particle physics and one of the driving motivations to explore 
physics beyond the Standard Model. 


10.6. The Paths Chosen by Nature 


Can we actually know the universe? 
My God, it’s hard enough finding 
your way around in Chinatown. 


Woody Allen [47] 


How does nature deal with the hierarchy between Gr and Gy? Does 
nature respect the naturalness criterion? Experiments at the LHC will be 


168 G. F. Giudice 


able to shed some light on these questions. In the meantime, we can only 
use our imagination. Something useful can be learned by studying how 
nature deals with other problems, which have similar characteristics, but 
for which we already know the answer. 

An interesting analogy was first suggested, to the best of my knowledge, 
by Murayama [48]. Consider the electron as a sphere of radius r. The elec- 
tromagnetic energy associated with this configuration is a/r. This energy 
must be smaller than the total energy of the electron, equal to mec?, where 
Me is the electron mass. Therefore, we obtain 


r> =3 x107" m. (10.6) 
Me 
In words, the electron radius has to be larger than an atomic nucleus! 
Things get even worse when we include the magnetic energy of a spinning 
sphere p?/r? (where u = eħ/(2mec) is the electron magnetic moment), 
as done by Rasetti and Fermi [49], immediately after the discovery of the 
electron spin. In this case, one finds r > a1/3/me. 

The puzzle is the following. Either the different contributions to the 
total electron energy mysteriously cancel with a high precision, or some 
new physics sets in before the energy scale r~! ~ m./a, modifying the elec- 
tromagnetic contribution to the electron mass at short distances and pre- 
serving naturalness. In this example, nature has chosen the second option. 
Indeed Dirac showed that a new particle with mass me, the positron, has 
to be included in a consistent relativistic quantum theory. As explicitly 
calculated by Weisskopf [50], the electromagnetic contribution to the elec- 
tron mass at small distances grows neither like 1/r nor like 1/r?, but rather 
like a me ln(mer). This contribution is less than the electron mass even for 
distances r as small as the Planck length. In this case, nature has preferred 
to obey the naturalness criterion. 

There are several other examples one can consider where physical quan- 
tities computed in the effective theory require either cancellations of con- 
tributions sensitive to the small-distance regime, or the appearance of new 
physics that restore naturalness. In many cases, nature has chosen to pre- 
serve naturalness and new particles at the appropriate energy scale modify 
the theory. For instance, the electromagnetic contribution to the charged 
to neutral pion mass difference is 


3a 
M2, — M% = =A? 10. 
at 79 Ant ’ ( 0 7) 
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where A is the ultraviolet momentum cutoff, i.e. the maximum energy 
of the effective theory of pions. The request that Eq. (10.7) not exceed 
the measured quantity M?, — M2, = (35.5 MeV)?, implies that A must 
be smaller than 850 MeV. Indeed, before that mass scale, the p meson 
exists (M, = 770 MeV) and the composite structure of the pion softens the 
electromagnetic contribution. 

Another example is the mixing between the K° and K? mesons. The 
mass difference between the K? and K$ states, as computed in an effective 
theory valid at energies of the order of the kaon mass, is given by 


Mro- Mrs Gif 


a) 2 
= in" ĝe A 10. 
= Gq2 Sin 6. A“, (10.8) 


where fx = 114 MeV is the kaon decay constant and sin ĝe = 0.22 is 
the Cabibbo angle. If we require that the result in Eq. (10.8) be smaller 
than the measured value (Mxo — Mxo)/Mxo = 7 x 107", we find A < 
2 GeV. Indeed, before reaching this energy scale a new particle (the charm 
quark with mass me ~ 1.2 GeV) modifies the short-distance behavior of 
the theory, implementing the so-called GIM mechanism [51]. Incidentally, 
while the other two examples are a posteriori deductions, the case of K°— 
K? mixing is historically accurate: this is the actual argument used by 
Gaillard and Lee [52] to compute the mass of the charm quark before its 
discovery. 

We can formulate the problem of the Higgs mass my in the same fash- 
ion. Using the Standard Model as an effective theory, we can compute the 
contributions to my due to Higgs interactions. The leading effect is 


3Gr 
4/27? 


where m, mw, mz are the masses of the top quark, W and Z gauge bosons, 


ôm} = (4m? — Imi, — mz, — mir) i, (10.9) 


and A is the maximum momentum.™ The request that the contribution in 
Eq. (10.9) be not larger than 182 GeV (the 95% CL limit from Standard 
Model fits of present experimental data [53]), implies A < 1.0 TeV. Only 


™Naively one may think that the Higgs naturalness problem disappears for the special 
value of my that cancels the right-hand side of Eq. (10.9) (which happens to be about 
200-300 GeV, depending on the value of the renormalization scale). Unfortunately this is 
not sufficient because Eq. (10.9) gives only the infrared contribution to my. Modes with 
masses of order A (outside the domain of the effective theory) give new contributions 
of the same size. For example, in a softly-broken supersymmetric theory, quadratic 
divergences are absent, but this is not sufficient to solve the hierarchy problem. It is also 
necessary that the masses of the new particles lie below the TeV scale. 


170 G. F. Giudice 


the LHC will tell us if the naturalness criterion is successful in this case as 
well, and whether new particles exist with masses below the TeV. 

Unfortunately not all examples are successful and there is one important 
case in which nature does not seem to respect the naturalness criterion. As- 
tronomical observations place bounds on the energy density of the vacuum 
in our universe which constrain the scale of the cosmological constant to 
be less than 3 x 107° eV. Since quantum corrections to the cosmological 
constant grow with the maximum energy A, the naturalness criterion im- 
plies that our theoretical description of particle physics should start failing 
at an energy scale as low as 3 x 1073 eV. We have good evidence that 
this is not the case. Nature could have chosen supersymmetry to deal with 
this problem in a natural way because the cosmological constant vanishes 
in supersymmetric theories. However, we already know that nature has 
decided not to take this opportunity, since supersymmetry is not an exact 
symmetry down to energies of 3 x 107° eV. 

The issue is more involved, because the cosmological constant becomes 
a physical observable only when we include gravity, which can be usually 
ignored when dealing with particle physics processes. If a solution to the 
cosmological constant exists, it may involve some complicated interplay 
between infrared and ultraviolet effects (maybe in the context of quantum 
gravity) or it may just be linked to the cosmological history. At any rate, 
none of these solutions will be obtained by an effective field theory approach. 
But then, are we sure that this is not the case also for the Higgs mass? The 
verdict will be handed down by the LHC. 


10.7. Measuring Naturalness 


I used to measure the heavens, 
now I measure the shadows of earth. 
Johannes Kepler [54] 


As new particle physics theories were invented to cope with the natu- 
ralness problem of the Higgs mass, and as collider experiments started to 
set bounds on the existence of the new particles, there was a need to give 
a quantitative criterion for the degree of naturalness (or unnaturalness) 
of the new theories. A commonly adopted criterion [55] was to consider 
the expression of the Z boson mass (which is equivalent, up to constants 
of order unity, to my or to Gp” *) as a function of the parameters a; 
of the underlying theory. Indeed, such an expression should always exist, 
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since in the new theory the weak scale must be a “calculable” quantity 
(although calculable only in terms of unknown parameters). The mea- 
sure of naturalness (or, more precisely, of the amount of fine-tuning) is 
given by the logarithmic variation of the function Mz(a;) with respect 
to ai, 


(10.10) 


A theory with A = 10 suffers from a parameter tuning of no more than 
10%, one with A = 100 of 1%, and so on. 

For example, in the case of supersymmetry, the requirement of less than 
10% tuning led to the prediction that supersymmetry had to be discovered 
at LEP2. This prediction turned out to be wrong. Indeed, today super- 
symmetric models pass the experimental tests only if their free parameters 
are tuned at the level of few percent. Actually this is essentially true for 
all known extensions of the Standard Model that address the Higgs mass 
problem. Of course, one can argue that the Sun and the Moon have radius 
and distance from the Earth “tuned” to appear equal in the sky (with a 
precision of about 5%), for no better reason than producing rare and spec- 
tacular eclipses (and permitting us to test general relativity). Even more 
dramatic numerical coincidences happen in nature. Still, I would hope that 
the new theory of electroweak interactions, whatever that is, “naturally” 
solves the naturalness problem. 

It may well be that, in some cases, Eq. (10.10) overestimates the amount 
of tuning. Indeed, Eq. (10.10) measures the sensitivity of the prediction of 
Mz as we vary parameters in “theory space”. However, we have no idea 
how this “theory space” looks like, and the procedure of independently vary- 
ing all parameters may be too simple-minded.” In conclusion, although a 
quantitative measure of naturalness can be of useful guidance to build new 
theories, it is very easy to slip into purely academic and sterile considera- 
tions. As we are drawing closer to the beginning of LHC operations, the 
real issue is whether the new theory predicts observable phenomena in the 
TeV domain or not. 


"For instance, some authors have argued that, supersymmetric models become less fine- 
tuned if one imposes special restrictions on the theoretical parameters at the GUT scale 
(like ñm: = ñy and large tan@ [56] or m2 ~ —4Mz [57]). In the absence of solid 
theoretical motivations for these restrictions, it is difficult to assess the real benefits of 
such approaches. 
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10.8. Anthropic Reasoning 


A physicist talking about the anthropic principle runs 
the same risk as a cleric talking about pornography: 
no matter how much you say you are against it, 
some people will think you are a little too interested. 
Steven Weinberg 


Is the naturalness of the Higgs mass a good scientific question that will 
make us understand fundamental properties of nature? There are some 
questions that at first sight appear pregnant with deep meanings, but then 
end up to be red herrings. Probably Dirac’s question (“Why are these 
numbers so large?” ) was one of them because, as we have seen in Sec. 10.2, 
his explanation in terms of a time-varying Gy was less successful than 
Dicke’s simple observation based on the essential role of contingency in 
the observation. An alien landing on Mount Athos is warned: do not make 
wrong conclusions on the mystical inclinations of earthlings, before carefully 
considering the circumstances of your observation. 

In 1595 Kepler asked the apparently good scientific question “Why are 
there six planets?” , and in Mysterium Cosmographicum proposed an attrac- 
tive symmetry-based answer. Planetary orbits lie on successive spheres that 
circumscribe and inscribe the five Platonic solids.° Based on this hypoth- 
esis he could predict the ratio of the planetary distances, which matched 
observations well within the accuracy known at the time. Of course today 
we known that the number of planets and their distances from the Sun do 
not carry any significant information on the fundamental laws of physics; 
hence, another red herring. 

Even from these “wrong” questions there is a lesson to be learned. Spe- 
cial incidents may not be an indication of some deep property of the fun- 
damental theory, but just the consequence of the special condition of the 
observer [58]. However, for this to happen, there must exist a large ensem- 
ble of possible incidents, from which the special observer picks a special 
case. In practice this means that, if we do not want to attach a special sig- 
nificance to our observation, we learn something about the ensemble. From 
large numbers, we deduce that the universe must expand; from meeting a 
thousand Orthodox monks, we conclude that the Earth is highly populated; 
°It is interesting to note how the number of space dimensions plays an essential role 
in this hypothesis. In three dimensions there exist only five regular solids but, in two 


dimensions, there is an infinite number of regular polygons, and therefore an infinite 
number of planets. 
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from the special location of the Earth in the solar system, we deduce that 
the universe must contain a large number of stars. 

In the same way, the measured value of Gr/Gy, which seems special 
to us, could actually be a very plausible observation in a universe that has 
developed complex structures, if there exists a multitude of universes with 
different values of Gr/Gy. In the vast majority of the universes Gp /Gy 
is of order unity, but those universes do not have the right properties to de- 
velop observers. Indeed, the measured value of Gy appears very favorably 
chosen to sustain non-trivial chemistry [59] (the same can be said about 
the cosmological constant, since the existence of galaxies is very sensitive 
to its value [60]). This picture of a multitude of parallel universes, usually 
referred to as the “multiverse” (as opposed to a single universe), can be 
realized in the context of string theory and eternal inflation [61]. If true, 
it would represent the next step in Copernican revolution: not only is the 
Earth not special, but even the universe in which we live is just one out of 
many. 

Does this scenario imply that the Higgs naturalness problem was a red 
herring and that the LHC is doomed to find the Higgs particle and nothing 
else? Quite possible. However, sometimes there are remarkable proper- 
ties that unexpectedly emerge. Sometimes they are simple coincidences, 
but sometimes they hide significance of great importance. A most singu- 
lar episode is related by Barrow [62]. Unattested tradition narrates that 
William Shakespeare may have contributed to the English renderings of 
the Psalms in the King James Version of the Bible. An Eton schoolboy 
noticed that in Psalm 46, written in the year in which Shakespeare (who 
was born in 1546) was 46 years old, the word “SHAKE” is the 46th from 
the beginning, and “SPEAR” is the 46th from the end. Coincidence or a 
hidden signature of the poet? 

Supersymmetry at the weak scale was introduced to tame the quantum 
corrections to the Higgs mass. However, it has been noticed that the su- 
persymmetric particles have exactly the right quantum numbers to unify 
the gauge couplings at a very large energy scale with surprising precision. 
Moreover, the massive, neutral, stable Majorana particle that automatically 
emerges from many supersymmetric theories is exactly what is needed to 
account for the dark matter observed in our universe. Coincidences or 
hidden signatures of supersymmetry? 

These observations have led to the proposal of Split Supersymmetry [63], 
in which gauge-coupling unification and dark matter are taken as basic 
elements, while the solution of the Higgs naturalness problem is abandoned. 


174 G. F. Giudice 


This theory has several interesting features and quite distinctive signatures 
at collider experiments. If confirmed by the LHC, it would provide tangible 
experimental evidence against the naturalness criterion. 


10.9. Naturalness versus Criticality 


Results without causes are much more impressive. 


Sherlock Holmes [64] 


There is a different way of looking at the hierarchy problem Gr/Gy. 
In the Standard Model the weak scale is determined by the vacuum ex- 
pectation value of the Higgs field, which triggers electroweak symmetry 
breaking. The order parameter of the phase transition can be expressed 
in terms of the coefficient u? that enters the Higgs potential. If u? is pos- 
itive the symmetry remains unbroken, if u? is negative the symmetry is 
broken, and u? = 0 defines the critical point. This is completely analogous 
to the Ginzburg-Landau description of ferromagnetism. For temperatures 
T larger than the critical Curie temperature Tc, the dipoles are randomly 
oriented, the total magnetization vanishes, and the system is rotationally 
symmetric. When T—Tc becomes negative, the dipoles are aligned creating 
a spontaneous magnetization, and the system breaks rotational symmetry. 

Because of quantum corrections, we expect |/u?| to be close to the maxi- 
mum energy A? and, depending on its sign, to break or preserve electroweak 
symmetry. The hierarchy problem can then be rephrased in the following 
way [65]: if the critical value separating the two phases is not special from 
the point of view of the fundamental theory, why are the parameters in the 
real world chosen such that we live so near the critical condition? 

There are systems in nature which have the tendency to evolve into 
critical states, even if there is no outside agent that forces them in that 
direction. This process is called self-organized criticality [66]. The proto- 
type example is a sand pile where grains of sand are slowly added. As the 
pile grows, it reaches a condition where catastrophic sand slides occur after 
the addition of just a single grain. Avalanches of all sizes obey a power- 
law distribution and therefore the dynamics of the system can no longer 
be understood in terms of single grains. There are correlations among dis- 
tances vastly larger than the size of the grain of sand. The system has 
arranged itself to be near critical and remains close to the critical condi- 
tion (as long as we continue to slowly add more sand). There are many, 
apparently unrelated, phenomena that seem to follow this pattern: from 
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the distribution of earthquake intensity to extinctions of biological species; 
from river bifurcations to traffic jams. 

Is it possible that a pattern of self-organized criticality with respect to 
electroweak symmetry brings the Standard Model towards the condition of 
a large hierarchy Gr/G'y? If anything like this operates in nature, then it 
will not be captured by an effective-theory approach and it will not respect 
the naturalness criterion. The microphysics description will fail to properly 
account for some large-scale correlations, in the same way as individual 
grains are not useful to describe the avalanches in the sand pile occurring 
at all scales (between the size of a single grain and the size of the whole pile). 
To realize such an idea, an ensemble of theories seems to be a necessary 
ingredient, and therefore we still have to rely on the multiverse. However, 
the process of selection of our universe will be, in this case, determined by 
dynamics rather than by anthropic considerations. 


10.10. Conclusions 


“Data! Data! Data!” he cried impatiently. 
“I can’t make bricks without clay.” 
Sherlock Holmes [67] 


The primary goal of the LHC is to discover the mechanism of electroweak 
symmetry breaking. Indeed, the Standard Model, including only the parti- 
cles known today, becomes inconsistent at an energy scale of about 1 TeV. 
The LHC, producing particle collisions with energies above this scale, is 
bound to probe the mechanism of electroweak breaking, whether it is given 
by the Higgs or by some alternative dynamics. 

There is a second, more subtle, issue related to the existence of a fun- 
damental Higgs boson, which will also be investigated by the LHC. The 
basic problem is the absence, within the Standard Model, of symmetries 
protecting the Higgs mass term, and therefore the expectation that the 
maximum energy up to which the theory can be naturally extrapolated is, 
again, the TeV. A new physics regime should set in at that energy scale, 
and the hypothetical Higgs boson must be accompanied by new particles 
associated with the cancellation of the quantum corrections to my. This is 
not a problem of internal consistency of the theory, but an acute problem of 
naturalness. As such, it does not necessarily guarantee that a new physics 
threshold really exists in nature. But, if new particles at the TeV scale are 
indeed discovered, it will be a triumph for our understanding of physics in 
terms of symmetries and effective field theories. 
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This is, in conclusion, the naturalness problem that theoretical parti- 
cle physics is facing today. If you found the subject too speculative, be 
reassured: time has come for the question to be settled by experimental 
data. 
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The investigation of the dynamics responsible for electroweak symmetry 
breaking is one of the prime tasks of experiments at the CERN Large 
Hadron Collider (LHC). The experiments ATLAS and CMS have been 
designed to be able to discover a Standard Model Higgs boson over 
the full mass range as well as Higgs bosons in extended models. In 
this chapter, the prospects for Higgs boson searches at the LHC are 
reviewed. In addition, the potential for the measurement of Higgs boson 
parameters is discussed. 


11.1. Introduction 


While the Standard Model of electroweak and strong interactions is in 
excellent agreement with the numerous experimental measurements, the 
dynamics responsible for electroweak symmetry breaking are still unknown. 
Within the Standard Model, the Higgs mechanism [1] is invoked, i.e. a dou- 
blet of complex scalar fields is introduced of which a single neutral scalar 
particle, the Higgs boson, remains after symmetry breaking. 

The Higgs boson is the only Standard Model particle that has not been 
discovered so far. The direct search at the ete~ collider LEP has led to 
a lower bound on its mass of 114.4 GeV/c? [2]. Indirectly, high precision 
electroweak data constrain the mass of the Higgs boson via their sensitivity 
to loop corrections. Assuming the overall validity of the Standard Model, a 
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global fit [3] to all electroweak data leads to my = 7613} GeV/c?. On the 
basis of the present theoretical knowledge, the Higgs sector in the Standard 
Model remains largely unconstrained. While there is no direct prediction 
for the mass of the Higgs boson, an upper limit of ~1 TeV/c? can be inferred 
from unitarity arguments [4]. 

Further constraints can be derived under the assumption that the Stan- 
dard Model is valid only up to a cutoff energy scale A, beyond which new 
physics becomes relevant. Requiring that the electroweak vacuum is stable 
and that the Standard Model remains perturbative allows to set upper and 
lower bounds on the Higgs boson mass [5, 6]. For a cutoff scale of the order 
of the Planck mass, the Higgs boson mass is required to be in the range 
130 < my < 190 GeV/c?. If new physics appears at lower mass scales, 
the bound becomes weaker, e.g., for A = 1 TeV the Higgs boson mass is 
constrained to be in the range 50 < my < 800 GeV/c?. 

The Minimal Supersymmetric Standard Model (MSSM) [7] contains 
two complex Higgs doublets, leading to five physical Higgs bosons after 
electroweak symmetry breaking: three neutral (two CP-even h, H and one 
CP-odd A) and a pair of charged Higgs bosons H*. At tree level, the Higgs 
sector of the MSSM is fully specified by two parameters, generally chosen 
to be my, the mass of the CP-odd Higgs boson, and tan @, the ratio of the 
vacuum expectation values of the two Higgs doublets. Radiative corrections 
modify the tree-level relations significantly. Loop corrections are sensitive 
to the mass of the top quark, to the mass of the scalar particles and in 
particular to mixing in the stop sector. If the full one-loop and the dominant 
two-loop contributions are included [8, 9], the upper bound on the mass of 
the light Higgs boson h is expected to be around 135 GeV/c?. While the 
light neutral Higgs boson may be difficult to distinguish from the Standard 
Model Higgs boson, the other heavier Higgs bosons are a distinctive signal 
of physics beyond the Standard Model. The masses of the heavier Higgs 
bosons H, A and H= are often almost degenerate. 

If the global fit to the electroweak precision data is repeated within 
the MSSM and constraints from heavy flavour physics and from the abun- 
dance of cold dark matter in the universe are included [10], the mass of 
the lightest Higgs boson can be tightly constraint to be my = 110140 +3 
(theo.) GeV/c?. 

At present, the Fermilab Tevatron pp collider with a center-of-mass en- 
ergy of 1.96 TeV continues to be the leading accelerator exploring the energy 
frontier and its preeminence will continue until the LHC experiments have 
collected sufficient amounts of good quality and well understood data. Until 
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the end of 2007 the two experiments CDF and D@ have analysed data cor- 
responding to an integrated luminosity of ~ 1.7 fb~'. So far no evidence for 
the production of Higgs bosons has been found [11]. The data taking period 
is expected to be continued until the end of 2009, with a possible extension 
into the year 2010, leading to an increase in the integrated luminosity to 
5.5 or 7.0 fb, respectively. Based on the present experience and assuming 
some improvements in the analysis techniques, both Tevatron experiments 
combined are expected to reach sensitivity to the production of a Standard 
Model Higgs boson up to masses of 180 GeV/c? at 95% confidence level 
(C.L.). Within the context of the MSSM, also most of the parameter space 
can be tested at 95% C.L. However, even with the full integrated lumino- 
sity of 7 fb’ and after combining all channels and both experiments, a 
5o discovery will not be possible at the Tevatron, leaving it to the LHC 
to explore and discover Higgs bosons over the full parameter range of both 
the Standard Model and the MSSM. 

In the following the excellent prospects for Higgs boson searches at the 
LHC are reviewed (Secs. 11.3 and 11.5), after a brief discussion of the 
Higgs boson production and decay properties in Sec. 11.2. In Sec. 11.4 the 
LHC potential for the determination of the Higgs boson properties is briefly 
described. 


11.2. Higgs Boson Production and Decay 


At hadron colliders, Higgs bosons can be produced via four different pro- 
duction mechanisms: 


e gluon fusion, gg — H, which is mediated at lowest order by a heavy 
quark loop; 

e vector boson fusion (VBF), gq > qqH; 

e associated production of a Higgs boson with weak gauge bosons, 
qq —> W/Z H (Higgs Strahlung, Drell-Yan like production); 

e associated Higgs boson production with heavy quarks, 
99,9q — ttH, gg,qq — bbH (and gb —> bH). 


The lowest order production cross sections for the four different pro- 
cesses are shown in Fig. 11.1(left) as a function of the Higgs boson mass [12]. 
The dominant production mode is the gluon-fusion process, followed by the 
vector boson fusion process. In the low mass region the latter amounts at 
leading order to about 20% of the gluon-fusion cross section, whereas it 
reaches the same level for masses around 800 GeV/c?. 
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Fig. 11.1. Leading order (left) and next-to-leading order (right) production cross sec- 


tions for a Standard Model Higgs boson at the LHC as a function of the Higgs boson 
mass. In the cross section calculation the CTEQ6L1 structure function parametrization 
has been used. (The calculations have been performed by M. Spira, Ref. [12].) 


For all production processes higher order QCD corrections have been 
calculated. Already more than ten years ago, the next-to-leading order 
(NLO) QCD corrections to the gluon-fusion process have been calculated 
and have been found to be large, increasing the leading order cross section 
by 50-100% [13]. These large corrections stimulated the calculation of the 
next-to-next-to-leading order (NNLO) corrections, to which many authors 
contributed [14-17] and which meanwhile has been completed in the heavy 
top-quark limit (m — oo). The results for the total cross section show a 
modest increase between the NLO and NNLO calculation at the level of 
10-20%, indicating that a nicely converging perturbative series seems to be 
emerging. Also for the other processes next-to-leading order corrections are 
available. It should be noted that in the Standard Model, the cross section 
for producing a Higgs boson in association with b quarks is relatively small. 
However, in a supersymmetric theory with a large value of tan 3, the b-quark 
Yukawa coupling can be strongly enhanced and Higgs boson production in 
association with b quarks becomes the dominant production mechanism. 
For a detailed summary of the theroetical aspects the reader is referred to 
Ref. 18. 

The branching fractions of the Standard Model Higgs boson are shown 
in Fig. 11.2(left) as a function of the Higgs boson mass. They have been 
calculated taking into account both electroweak and QCD corrections [19]. 
When kinematically accessible, decays of the Standard Model Higgs boson 
into vector boson pairs WW or ZZ dominate over all other decay modes. 
Above the kinematic threshold, the branching fraction into tł can reach up 
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Fig. 11.2. Branching fractions (left) and total decay width (right) of the Standard 
Model Higgs boson as a function of Higgs boson mass (from Ref. [19]). 


to 20%. All other fermionic decays are only relevant for Higgs boson masses 
below 2 mw, with H — bb dominating below 140 GeV/c?. The branching 
fractions for H — tr and H — gg both reach up to about 8% at Higgs 
boson masses between 100 and 120 GeV/c?. Decays into two photons, 
which are of interest due to their relatively clean experimental signature, 
can proceed via fermion and W loops with a branching fraction of up to 
2- 107? at low Higgs boson masses. 

Compared to experimental mass resolution, the total decay width of 
the Standard Model Higgs boson is negligible at low masses and becomes 
significant only above the threshold for decays into ZZ, as shown in 
Fig. 11.2(right). 

Within the MSSM, branching fractions of five physical Higgs bosons 
have to be considered as a function of their masses as well as tan 8 and the 
SUSY breaking parameters. The neutral Higgs bosons decay dominantly 
into bb and rr at large tan 8 or for masses below 150 GeV/c? (up to 2 me 
for the CP-odd Higgs boson A). Decays into WW, ZZ and photons are 
generally suppressed by kinematics as well as the Higgs boson couplings 
and become relevant only in the decoupling limit ma — oo, where the light 
CP-even Higgs boson h effectively behaves like a Standard Model Higgs 
boson while all other MSSM Higgs bosons are heavy. Charged Higgs bosons 
preferably decay into tb if accessible. For masses below m+ + mp, the decay 
H= — rv dominates, with small contributions from H+ — cb and HS — 
cs. In addition, both charged and heavy neutral Higgs bosons can decay 
into lighter Higgs bosons: H* — Wh, WA as well as H — hh,AA,ZA 
and A — Zh. Generally, the branching fractions of these decay modes are 
significant only at small tan 8. It should be noted that supersymmetric 
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particles are considered to be heavy enough to play a negligible role in the 
phenomenology of Higgs boson decays in the following. 


11.3. Search for the Standard Model Higgs Boson 


The Standard Model Higgs boson is searched for at the LHC in vari- 
ous decay channels, the choice of which is given by the signal rates and 
the signal-to-background ratios in the different mass regions. The search 
strategies and background rejection methods have been established in 
many studies over the past ten years [20, 21]. Originally, inclusive final 
states have been considered, among them the well established H — yy and 
H — ZZ) — %0 00 decay channels. More exclusive channels have been 
considered in the low mass region by searching for Higgs boson decays in 
bb or yy in association with a lepton from a decay of an accompanying 
W or Z boson or a top quark. The search for a Standard Model Higgs 
boson in the intermediate mass region can be extended by using the vec- 
tor boson fusion mode and exploiting forward jet tagging, which had been 
proposed in the literature several years ago [22]. In this Section, a brief sum- 
mary of the Standard Model Higgs boson discovery potential at the LHC 
is given. 

Due to the enormous progress in the calculation of higher order QCD 
corrections for signals and backgrounds over the past few years, the LHC 
physics studies have started to use these calculations. Only in cases where 
the corrections for the major backgrounds are not available or in older 
studies, performance figures are evaluated by using Born-level predictions 
for both signals and backgrounds. 

In addition, more detailed and better understood reconstruction meth- 
ods have been established by the experimental collaborations. They are 
partially based on testbeam measurements of various detector components 
or rely on extensive Monte Carlo simulations of the detailed detector re- 
sponse [23]. 


11.3.1. Inclusive Higgs boson searches 


Several important channels for Higgs boson discovery at the LHC have 
been discussed extensively in the literature. Among those channels are 
the H — yy decay mode, the gold plated decay channel H — ZZ“) — 40 
as well as the decay channel H — WW) — évév. If no additional parti- 
cles except the Higgs boson decay products are searched for, the production 
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via gluon fusion provides the largest contribution to the signal event 
yields. 


11.3.1.1. H > ZZ) decays 


The decay channel H — ZZ* — & 4l provides a rather clean signature 
in the intermediate mass region 115 GeV/c? < my < 2 mz. In addi- 
tion to the irreducible backgrounds from ZZ* and Zy* production, there 
are large reducible backgrounds from tł and Zbb production. Due to the 
large production cross section, the tt events dominate at production level, 
whereas the Zbb events contain a genuine Z boson in the final state and are 
therefore more difficult to reject. In addition, there is background from ZZ 
continuum production, where one of the Z bosons decays into a 7 pair, with 
subsequent leptonic decays of the 7 leptons, and the other Z decays into an 
electron or muon pair. It has been shown that in both LHC experiments 
the reducible backgrounds can be suppressed well below the level of the 
irreducible background from ZZ* — 4€. Calorimeter and track isolation 
together with impact parameter measurements can be used to achieve the 
necessary background rejection [20, 21]. The expected distribution of signal 
events for a Higgs boson with a mass of 130 GeV/c? in the CMS experiment 
is shown in Fig. 11.3 on top of the background. Already for a low integrated 
luminosity of 10 fb~' the signal is clearly visible. Assuming an integrated 
luminosity of 30fb~', the H > ZZ* — 4¢ signal can be observed with a 
significance of more than 5c in the mass range 130 < my < 180 GeV/c?, 
except for a narrow region around 170 GeV/c?, where the branching ratio 
is suppressed due to the opening up of the WW decay mode. 

For Higgs boson masses in the range 180 GeV/c? < my < 700 GeV/c?, 
the H — ZZ — 4¢ decay mode is the most reliable one for the discovery of a 
Standard Model Higgs boson at the LHC. The expected background, which 
is dominated by the continuum production of Z boson pairs, is smaller 
than the signal. In this mass range the Higgs boson width grows rapidly 
with increasing my, and dominates over the experimental mass resolution 
for my > 300 GeV/c?. The momenta of the final-state leptons are high 
and their measurement does not put severe requirements on the detector 
performance. 

For larger values of my, the Higgs boson signal becomes very broad and 
the signal rate drops rapidly. In the high mass region, the decay modes H — 
ZZ — vv and H > ZZ — ¿l jj provide additional discovery potential 
[20, 21] and allow to extend the 5a-discovery range up to ~ 1 TeV/c?. 
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Fig. 11.3. (Left) Expected H — ZZ* — 4€ signal above the background for my = 
140 GeV/c? and for an integrated luminosity of 9.2 fb~! (signal significance of 5c) in the 
CMS experiment. (Right) Reconstructed yy invariant mass distribution of a H —> yy 
signal (dark) with my = 130 GeV/c? and the background (light) for an integrated 
luminosity of 100 fb~! in the CMS experiment. 


11.3.1.2. H — yy decays 


The decay H — yy is a rare decay mode, which is only detectable in a 
limited Higgs boson mass region between 80 and 150 GeV/c?, where both 
the production cross section and the decay branching ratio are relatively 
large. Excellent energy and angular resolution are required to observe the 
narrow mass peak above the irreducible prompt yy continuum. In ad- 
dition, there is a large reducible background resulting from direct photon 
production or from two-jet production via QCD processes. Using a realistic 
detector simulation, it has been demonstrated [20, 21] that the required re- 
jection can be achieved and that the residual jet-jet and y-jet backgrounds 
can be brought well below the irreducible yy background. 

It should be stressed that due to the large amount of material in the 
central detectors of the LHC experiments (from ~40% of a radiation length 
at 7 ~ 0 to 140% towards the barrel-endcap-transition region), a large 
fraction of converted photons appears and results in a degraded yy mass 
resolution as compared to unconverted photons. 

On the theoretical side, the large K factors for the gluon fusion process 
lead to an improved signal significance. In addition, it is anticipated that 
multivariate analysis strategies like neural networks and likelihood methods 
can be used to increase the signal significance. For a Higgs boson with a 
mass of 130 GeV/c?, for example, a signal significance of around 6¢ is ex- 
pected for both experiments, assuming data corresponding to an integrated 
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luminosity of 30 fb~* and NLO cross sections. Despite the intrinsically bet- 
ter energy resolution of the CMS calorimeter the expected performance for 
a Higgs boson discovery in the yy decay mode is found to be compara- 
ble between the two experiments. As an example of signal reconstruction 
above background, the expected signal from a Higgs boson with a mass of 
130 GeV/c? in the CMS experiment is shown in Fig. 11.3(right), assuming 
an integrated luminosity of 100 fb™+. 


11.3.1.3. H > WW“) decays 


For Higgs boson masses around 170 GeV/c?, for which the ZZ* branching 
ratio is suppressed, the discovery potential can be enhanced by search- 
ing for the H > WW“) — évév decay [20, 21, 24]. In this mode it is 
not possible to reconstruct a Higgs boson mass peak. Instead, an excess 
of events above the expected backgrounds can be observed and used to 
establish the presence of a Higgs boson signal. Usually, the transverse 
mass computed from the leptons and the missing transverse momentum, 
Mr = /2Pr“E7(1 — cos A¢), is used to discriminate between signal and 
background (see Fig. 11.4(left)). The WW, tt and single-top production 
processes constitute severe backgrounds and the signal significance depends 
critically on their absolute knowledge. In addition, a so called jet veto is 
applied, i.e. it is required that there is no jet activity in the central region of 
the detector. An estimate of the signal significance relies therefore heavily 
on a reliable Monte Carlo description of this jet activity. It is anticipated 
that after relaxing cuts, the Monte Carlo predictions for those backgrounds 
can be normalized to the data in regions where only a small fraction of 
signal events is expected. 

It has recently been shown that the gg — WW background contribution 
increases the background in particular in the regions of phase space selected 
by the selection criteria, i.e. at small values of Ad between the two final- 
state leptons [25]. Although this background constitutes only 5% of the 
qq — WW background before cuts, its fraction increases to about 30% 
after the final selection criteria. 

Due to the large signal rate this channel may provide for an early dis- 
covery if the backgrounds can be reliably controlled. The CMS experiment 
claims that for a Higgs boson with a mass of 165 GeV/c? a signal with 
a 5o significance can already be claimed with data corresponding to an 
integrated luminosity of only ~2 fb’. 
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11.3.2. Higgs boson searches using vector boson fusion 


In recent studies it has been demonstrated that, not only in the high mass 
but also in the intermediate mass range, the discovery potential can be 
significantly increased by performing a search for Higgs boson production 
in the vector boson fusion mode [21, 22, 26]. Although the contribution to 
the cross section in the intermediate mass range amounts at leading order 
only to about 20% of the total production cross section, the additional 
event characteristics can be exploited to suppress the large backgrounds. 
In vector boson fusion events, the Higgs boson is accompanied by two jets in 
the forward regions of the detector, originating from the initial quarks that 
emit the vector bosons. On the other hand, central jet activity is suppressed 
due to the lack of colour exchange between the initial state quarks. This 
is in contrast to most background processes, where colour flow appears in 
the t-channel. Jet tagging in the forward region of the detector together 
with a veto of jet activity in the central region are therefore powerful tools 
to enhance the signal-to-background ratio. 

The performance of the detectors for forward jet tagging has been stud- 
ied in a detailed simulation [21, 26]. In the study presented in Ref. 26, the 
two tag jets are searched for over the full calorimeter coverage (|n| < 4.9). 
A large separation in pseudorapidity between the two reconstructed jets 
can be used to discriminate between signal and backgrounds from QCD 
production. 

As pointed out above, a veto against jets in the central region will be an 
important tool to suppress background from QCD processes. It should be 
noted that a reliable estimate of the jet veto efficiency is difficult to obtain 
and might be affected by sizeable uncertainties. 


11.3.2.1. qqgH —> qqWw") 


According to Monte Carlo studies, the LHC experiments have a large dis- 
covery potential in the H > WW — évév decay mode [21, 26]. The 
additional signatures of tag jets in the forward and of a low jet activity in 
the central regions of the detector allow for a significant reduction of the 
background. This results in a better signal-to-background ratio compared 
to the inclusive H — WW“) channel, which is dominated by the gluon 
fusion process. As a consequence, the signal sensitivity is less affected by 
systematic uncertainties on the predictions of the background. As an exam- 
ple, the reconstructed transverse mass distribution for a Higgs boson signal 
with a mass of 160 GeV/c? is shown on top of the backgrounds from tt, 
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Fig. 11.4. (Left) Transverse mass distribution for the summed H — WW* — év év sig- 
nal (my = 150 GeV/c”) for the inclusive analysis and total background for the ATLAS 
experiment, for an integrated luminosity of 30 fb~!. The distribution for the background 
alone is also shown separately. The shaded histogram represents the contributions from 
the Wt and tt backgrounds. The dashed lines indicate the selected signal region. (Right) 
Distribution of the transverse mass for the vector boson fusion analysis for a Higgs boson 
with a mass of 160 GeV /c? and the backgrounds in the eu-channel after all cuts for the 
ATLAS experiment. 


Wt, and WW production in Fig. 11.4(right). Since neutrinos appear in the 
final state, the transverse mass is used for the mass reconstruction. After 
all cuts, a signal-to-background ratio in the order of 3:1 is found, such that 
this channel alone has a good discovery potential for a Higgs boson with a 
mass around 160 GeV /c?. This compares favourably with the gg => WW“) 
channel discussed in Sec. 11.3.1.3. 

It is interesting to note that an application of looser kinematical cuts 
on the final-state leptons allows for a better discrimination between the 
signal and background shape [26]. In this case, the background extends 
to higher Mr values and a background normalization outside the signal 
region is possible. The presence of a signal can also be demonstrated in 
the distribution of Ad, the difference in azimuthal angle between the two 
leptons in the final state. As discussed in Ref. [27], this distribution can be 
used for both a demonstration of the consistency of the signal with a spin-0 
hypothesis and for an additional background normalization. 


11.3.2.2. qqH — qqrt 


It has been shown that in the mass region 110 < my < 140 GeV/c? 
the ATLAS and CMS experiments are sensitive to the rr decay mode 
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of the Standard Model Higgs boson in the vector boson fusion chan- 
nel [20, 26]. Searches for H — rr decays using the double leptonic de- 
cay mode qqH — qq TT — qq tvv vv and the lepton-hadron decay mode 
qqH — qq TT — qq tvv had v seem to be feasible. In these analyses, 
Z+jet production with Z — TT constitutes the principal background. The 
TT invariant mass can be reconstructed using the collinear approximation. 
In signal and background events, the H and Z bosons are emitted with 
significant Pr, which contributes to large tau boosts and causes the tau 
decay products to be nearly collinear in the laboratory frame. Assuming 
that the tau directions are given by the directions of the visible tau decay 
products (leptons or hadrons from tau decays respectively), the tau mo- 
menta and therefore the rr invariant mass can be reconstructed. As an 
example, the distributions of the reconstructed 77 invariant masses for the 
eu and ¢-had final states are shown in Fig. 11.5 for Higgs boson masses 
of 120 and 135 GeV/c?, respectively. A discovery based on a combination 
of the Z — £ and é-had final states would require an integrated luminosity 
of about 30 fb~'. It should however be stressed that this assumes that 
the background from Z — rr decays in the signal region is known with a 
precision of +10%. More studies are needed to establish that this preci- 
sion can indeed be achieved. The detection of the H — rr decay mode is 
particularly important for a measurement of the Higgs boson couplings to 
fermions and for Higgs boson searches in MSSM scenarios [27]. 


11.3.3. Higgs boson searches using the associated 
ttH production 


For low Higgs boson masses the discovery potential might be increased 
by searching for the H — bb decay mode, which has the largest branching 
ratio in this mass range. Due to the huge backgrounds from QCD jet 
production in this decay mode, only the associated production modes can 
be used. It has already been demonstrated that the discovery potential 
for a Standard Model Higgs boson in the WH production mode at the 
LHC is marginal [20]. Also the extraction of a Higgs boson signal in the 
ttH, H — bb channel appears to be difficult [21] and is extremely sensitive 
to the precise knowledge of the large backgrounds. The strategy is to 
fully reconstruct the two top quarks which calls for an excellent b-tagging 
capability of the detectors. A critical item is the knowledge of the shape of 
the main residual background from tțjj and ttbb production. 
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Fig. 11.5. The reconstructed 77 invariant masses for a Higgs boson signal of 120 GeV/c? 
in the ew channel in the ATLAS experiment (left) and for 135 GeV/c? in the &had 
channel in the CMS experiment (right). The signals are shown above all backgrounds 
after application of all cuts except the mass window cuts around the Higgs boson masses 
for integrated luminosities of 30 fb™ +. 


The CMS collaboration has recently updated their studies using a more 
realistic simulation of the b-tagging performance of the detector [28]. In 
addition, explicit matrix element calculations based on the ALPGEN Monte 
Carlo [29] have been used to estimate the above mentioned backgrounds. 
It has been found that the ttjj background dominates, in addition there 
is a large ttbb background and a combinatorial background (ambiguities in 
the association of the tagged b jets to the top quarks and Higgs boson) 
from the signal itself. The problem is illustrated in Fig. 11.6 where the 
reconstructed invariant bb mass distribution for the ttH — vb qqb bb signal 
with my = 115 GeV/c? and for background events is shown for the CMS 
experiment assuming an integrated luminosity of 30 fb~’. As mentioned 
above, the signal significance depends strongly on the uncertainty on the 
absolute knowledge of the background. Only for background uncertainties 
below 5% — which is difficult to reach — a signal significance exceeding 
20 can be reached [28]. It is expected that the ATLAS collaboration will 
present updated results soon. 


11.3.4. Combined signal significance 


The combined ATLAS Higgs boson discovery potential over the full mass 
range, 100 < my < 1000 GeV/c?, assuming an integrated luminosity of 
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Fig. 11.6. Reconstructed bb invariant mass distribution of a ttH — évb qqb bb signal 
(light) with my = 115 GeV/c? and the background (shaded) in the CMS experiment 
for an integrated luminosity of 30 fb~+. 


30 fb™* is shown in Fig. 11.7(left). The full mass range up to ~1 TeV/c? 
can be covered with a signal significance of more than 50 with several 
discovery channels available at the same time. The vector boson fusion 
channels play an important role for the discovery of a Higgs boson at the 
LHC. It should be noted that in the ATLAS evaluation no K-factors have 
been included. Updated results from the ATLAS collaboration are expected 
to be published soon. 

A similar performance has also been established for the CMS experi- 
ment. The corresponding discovery potential is shown in Fig. 11.7(right). 
In this updated plot the t#H channel has no longer been included as a 
discovery channel. 

The various discovery channels available at the LHC are complementary 
both from physics and detector aspects. The gluon and vector boson fusion 
channels test different production mechanisms. This complementarity also 
provides sensitivity to non-standard Higgs models, such as fermiophobic 
models [30]. 

Also from the experimental point of view the Higgs boson discovery po- 
tential at the LHC is robust. The searches are complementary in the sense 
that different detector components are important for different channels. 
The H — yy decays require excellent electromagnetic calorimetry. In the 
identification of vector boson fusion the measurement of jets, in particular 
the reconstruction of the forward tag jets, is essential. 
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Fig. 11.7. ATLAS (left) and CMS (right) sensitivities for the discovery of a Standard 
Model Higgs boson for an integrated luminosity of 30 fb—1 over the full mass region. The 
signal significances are shown for individual channels, as well as for the combination of 
channels. Systematic uncertainties on the backgrounds have been included. The ATLAS 
results do not include K factors for higher order QCD corrections. 


11.4. Determination of Higgs Boson Properties 


The discovery of a new particle is only the first step in exploring the mech- 
anism responsible for electroweak symmetry breaking and generation of 
particle masses. The confirmation of the Higgs mechanism requires the de- 
termination of quantum numbers, widths and couplings. The mass of the 
Higgs boson fixes completely its profile in the Standard Model. The ob- 
servation of deviations from the predictions may hint towards new physics 
and allow to discriminate between the Higgs sector of the Standard Model 
and possible extensions as realised, e.g. in supersymmetric theories. 


11.4.1. Mass and total decay width 


The mass of a Higgs boson can best be measured in the decay channels H — 
yy and H > ZZ) — 4¢. The expected accuracy in the CMS experiment 
after collecting data corresponding to 30 fb” is better than 0.3% for masses 
smaller than about 300 GeV/c? taking into account statistical errors only 
[21]. For the ATLAS experiment, assuming an integrated luminosity of 
300 fb~' and taking into account in addition a systematic uncertainty on 
the absolute energy scale of leptons and photons of 0.1%, the precision 
is expected to be 0.1% for Higgs boson masses below 400 GeV/c? and the 
precision degrades to around 1% for a mass of 600 GeV/c? [20]. In addition, 
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the measurement of the mass will be possible with a larger uncertainty using 
the H > WW“) and H — rr decay modes. 

The total decay width of the Higgs boson can only be determined di- 
rectly if the mass resolution in the decay channel under consideration is 
comparable or smaller than the decay width itself. This restricts the direct 
measurement of the width in the H — ZZ — 4€ decay mode to larger 
masses. For Higgs boson masses above 270 GeV/c? a measurement preci- 
sion of better than 8% is expected for data corresponding to 300 fb~*. For 
Higgs boson masses below 200 GeV/c? the width can only be determined 
indirectly using additional theoretical assumptions from a global fit to all 
observable Higgs boson events rates [31]. 


11.4.2. Partial decay widths and couplings 


In a completly model independent way only the ratios of partial widths 
can be extracted from the signal event rates at the LHC as no decay mode 
independent observation is possible and the total decay width cannot be 
extracted for mass values below 200 GeV/c? [31]. The strength of the LHC 
is based on the simultaneous information which, for a given Higgs boson 
mass, is available in the various production and decay modes. A Study has 
been performed where the full information of all accessible production and 
decay channels is used to fit the coupling parameters [31]. In this study, 
the correlations among the various channels as well as experimental and 
theoretical systematic uncertainties are taken into account. 

Under the assumption that only one scalar CP-even Higgs boson ex- 
ists, relative branching ratios, which are identical to ratios of partial decay 
widths, can be measured. The decay H — WW) is used as normaliza- 
tion since it can be measured over the full intermediate mass range with a 
relatively small error. In Fig. 11.8(left) the expected relative errors on the 
measurement of ratios of Higgs boson branching ratios are shown, assum- 
ing an integrated luminosity of 300 fb~'. In particular the ratios Tz /Tw 
can be measured with an accuracy of the order of 10-20% for Higgs boson 
masses above 130 GeV/c?. 

If additional theoretical assumptions are made, information from the 
production can be used as well, and in particular a measurement of the top- 
Yukawa coupling becomes possible via the strong dependence of the gluon 
fusion and tH production cross sections on this coupling [31]. Assuming 
that only the known particles of the Standard Model couple to the Higgs 
boson and that no couplings to light fermions are extremely enhanced, all 
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Fig. 11.8. The expected relative errors for the measurement of relative branching ratios 
(left) and relative couplings (right), normalized to those of the H — WWC) decay and 
assuming an integrated luminosity of 300 fb~! for one experiment. The dashed lines 
give the expected relative error without systematic uncertainties. 


accessible Higgs boson production and decay modes at the LHC can be 
expressed in terms of the Higgs boson couplings gw, 9z, gt, gp and gr. The 
production cross sections depend on the square of these couplings. The 
exact dependence has to be calculated theoretically and put into the fit 
with corresponding systematic errors. Similarly, the Higgs boson branch- 
ing ratios are proportional to g?/T, and again, the proportionality factors 
are taken from theory. In Fig. 11.8(right) the relative errors on the mea- 
surement of relative couplings are shown for an integrated luminosity of 
300fb~' for one experiment. Due to the large contributions of the gluon 
fusion and ttH production modes, the ratio of the top-Yukawa coupling 
to the Higgs boson coupling to W bosons can be well constrained with an 
estimated uncertainty of the order of 10 to 20%. 


11.4.3. Spin and CP quantum number 


The spin and CP quantum number of the Higgs boson can be inferred 
from the angular distributions of the leptons in the H — ZZ — 4é decay 
mode [21, 32, 33]. The CMS collaboration has considered the case that 
the observed scalar boson ¢ is a mixture of a CP-even (H) and CP-odd 
(A) boson according to ¢ = H + A. The precision of the determination 
of € is shown in Fig. 11.9(left). Using the same observables the ATLAS 
collaboration has found that the hypothesis of non Standard Model CP and 
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spin combinations can be distinguished from the Standard Model values for 


masses above 250 GeV/c? and integrated luminosities above 100 fb~' [33]. 
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Fig. 11.9. (Left) Expected precision for the determination of € (see text) for a boson ¢ 
with a mass of 300 GeV/c? in the CMS experiment assuming an integrated luminosity 
of 60 fb~!. (Right) Expected distribution of Adj; in vector boson fusion events with 
H —> WW = éveév (my = 160 GeV/c?) in the ATLAS experiment including background 
for an integrated luminosity of 10 fb~+. 


The coupling of a scalar boson to vector bosons can be parametrised 
in a model independent way via three terms: a CP-even Standard Model- 
like contribution, which only exists if the scalar field has a non-vanishing 
vacuum expectation value, and CP-even and CP-odd anomalous terms. 
The contributions and admixtures can be determined in the vector boson 
fusion process using the azimuthal separation Ag,; of the tagging jets [34]. 
The expected spectra are shown in Fig. 11.9(right) for the different coupling 
hypotheses assuming a Higgs boson with a mass of 160 GeV/c? in the WW 
decay mode. For an integrated luminosity of 10 fb~' anomalous purely 
CP-even or CP-odd effective couplings can be excluded with a significance 
of approximately 5c. For a Higgs boson with a mass of 120 GeV/c? a 
sensitivity of 20 can be reached for an integrated luminosty of 30 fb~’ 
using the H — rr decay mode [35]. 


11.5. Search for MSSM Higgs Bosons 


When considering the MSSM Higgs sector the following questions are to 
be addressed at LHC: (i) can at least one Higgs boson be observed for the 
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entire model parameter space and (ii) can the MSSM be distinguished from 
the Standard Model by either the observation of additional Higgs bosons 
or via a determination of Higgs boson properties. 


11.5.1. Search for heavy MSSM Higgs bosons 


In the search for the light, Standard Model-like Higgs boson h the same 
channels as in the search for the Standard Model Higgs boson will be used. 
Heavier Higgs bosons will be searched for in additional final states. In the 
MSSM the associated production of neutral Higgs bosons in association 
with a pair of b-quarks is enhanced by tan 8 and the decay modes H/A > 
uu and H/A — Tr provide discovery channels [20, 21]. As an example the 
H/A — 77 signal is shown in Fig. 11.10(left), as expected in the CMS exper- 
iment on top of the background, which is dominated by Z+jet and tt events. 
The 5-o discovery contours for such a search in various final states is shown 
in Fig. 11.10(right). Decays into 7 leptons also dominate the search for 
charged Higgs bosons at the LHC. They can either be produced in the decay 
of a top quark for low masses or in the process gb — tH~ for larger masses. 
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Fig. 11.10. (Left) The invariant rr mass distribution for bbH/A production with 
H/A — TT — e—had+ X. (Right) The 5ø discovery contour from the bbH/A associated 
production process. 


11.5.2. Discovery potential in various benchmark scenarios 


Different benchmark scenarios have been proposed for the interpretation of 
MSSM Higgs boson searches [36]. In the MSSM, the masses and couplings 
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of the Higgs bosons depend, in addition to tan@ und ma, on the SUSY 
parameters through radiative corrections. In a constrained model, where 
unification of the SU(2) and U(1) gaugino masses is assumed, the most 
relevant parameters are A;, the trilinear coupling in the stop sector, the 
Higgs mass parameter u, the gaugino mass term Mo, the gluino mass mg 
and a common scalar mass Msysy. Instead of the parameter A+, the 
stop-mixing parameter X, := A; — cot 8 can be used. In particular the 
phenomenology of the light Higgs bosons h depends on the MSSM scenario, 
for which the following have been considered in a recent ATLAS study [37]: 


(1) mp-maz scenario: the SUSY parameters are chosen such that for each 
point in the (m4, tan @)-parameter space a Higgs boson mass close to 
the maximum possible value is obtained. For fixed M2, u, msusy and 
Myg this is achieved by adjusting the value of X+. 

(2) No mixing scenario: in this scenario vanishing mixing in the stop sector 
is assumed, i.e. X, = 0. This scenario typically gives a small mass for 
the lightest CP-even Higgs boson A and is less favourable for the LHC. 

(3) Gluophobic scenario: the effective coupling of the light Higgs boson h to 
gluons is strongly suppressed for a large area of the (m4, tan 3)-plane. 
This requires large mixing in the stop sector and a small stop mass, 
leading to cancellations between top-quark and stop loops such that 
the production cross section for gluon fusion is strongly suppressed. 

(4) Small a scenario: The parameters are chosen such that the effective 
mixing angle a between the CP-even Higgs bosons is small for a partic- 
ular part of the (m4, tan @)-parameter space. This results in a reduced 
branching ratio into bb and r7 for large tan 3 and intermediate values 
of MA. 


The exact parameters for the four scenarios can be found in Refs. [36, 37]. 
In the evaluation of the discovery potential for the light Higgs boson A all 
production modes, i.e. the gluon fusion, the vector boson fusion as well as 
the associated bbh, tfh (ATLAS) production have been used. The decay 
modes h > yy, h > ZZ, qqh > qqtt, qqh — qqWW, qqh — qqyy, bbh > 
bb uu and tth with h — bb have been considered (for details see Ref. [37]). 
For the heavier Higgs bosons the decay modes mentioned above have been 
used. The discovery potential for the light CP-even Higgs boson in the 
mp-max and in the small a scenarios is shown in Fig. 11.11 for an integrated 
luminosity of 30 fb~'. The findings for the nomixing and the gluophobic 
scenarios are similar to the mp-max scenario; only the contours from the 
LEP exclusion and vector boson fusion channels are shifted to higher values 
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of tan. At leading order the discovery potential is dominated by vector 
boson fusion with h — rr with some contributions from bbh — bby in 
the low My, region. Since many complementary channels are available 
at the LHC, the loss in sensitivity due to suppressed couplings in certain 
benchmark scenarios can be compensated for by other channels. In the 
small a scenario, for example, the effect of the suppressed branching ratio 
into 7 leptons is nicely compensated for by the bosonic decay modes of 
h. For large integrated luminosities, the h —> yy and h —> ZZ* — 4¢ 
channels provide additional sensitivity. In the uncovered area at low MA 
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Fig. 11.11. The 5ø discovery contours for the light CP-even MSSM Higgs bosons h 
with ATLAS for an integrated luminosity of 30 fb7} in the mp-max (left) and small a 
scenario (right). The cross hatched yellow region is excluded by searches at LEP. 


the searches for heavier Higgs bosons have sensitivity, such that at least 
one MSSM Higgs boson would be discovered at the LHC already with a 
moderate integrated luminosity of 30 fb~'. For the heavier Higgs bosons, 
the production cross sections and decay branching ratios are similar for 
the various benchmark scenarios, in particular for large values of m4 and 
hence the findings are almost identical. The overall discovery potential after 
collecting 30 fb~! is shown in Fig. 11.12(left). In the whole model parameter 
space in all considered benchmark scenarios at least one Higgs boson can 
be discovered and for a significant part of the parameter space more than 
one Higgs boson can be observed allowing to distinguish between the Higgs 
sector of the SM and its MSSM extension via direct observation. However, 
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a large area at intermediate tan ĝ is left where only the light Higgs boson 
h can be discovered. A further increase in integrated luminosity will only 
marginally reduce that region [38]. Some sensitivity to heavier Higgs bosons 
might, however, be provided via their decays into SUSY particles [27] for 
very specific choices of SUSY model parameters. 

The observation of the light Higgs boson h in various search channels 
might allow a discrimination between the Standard Model Higgs sector and 
its extensions via the measurement of, e.g. ratios of branching ratios in the 
same production mode, which is advantageous as several systematic uncer- 
tainties cancel. The sensitivity of a discrimination between the Standard 
Model and the MSSM has been estimated using the ratio R of branching 
ratios measured in the vector boson fusion production mode: R = BR(h > 
TT)/BR(h = WW). The red (black) area in Fig. 11.12(right) displays the 
regions in which A, defined as A = (Rmssm — Rgar)/Ceap is larger than 1 
(2). Here Serp denotes the expected error on the ratio R in this particular 
point of MSSM parameter space. Only statistical uncertainties have been 
taken into account and Mp is assumed to be known with high precision. A 
similar study, based on the analysis used in the determination of the Higgs 
boson couplings, reaches the same conclusion [31]. 

Finally it should be noted that Higgs boson decays into Standard Model 
particles can be strongly suppressed in certain MSSM scenarios. An exam- 
ple has been presented in Ref. [39], where the light Higgs boson decays 
predominantly into light bottom squarks leading to multijet final states. 
In such scenarios the detection of a light Higgs boson might be difficult at 
hadron colliders. 

All studies discussed above have been performed assuming CP conser- 
vation in the Higgs sector. Although CP conservation is present at Born 
level, CP violating effects might be introduced via complex SUSY break- 
ing parameters. As a consequence the mass eigenstates are mixtures of 
the CP eigenstates and a light Higgs boson with a mass below 60 GeV/c? 
may have escaped detection at LEP [40]. Preliminary studies in the so 
called CPX scenario [41], which maximises the CP mixing effects, indi- 
cate that there may exist uncovered regions in parameter space for low Hı 
masses [40]. The exact size, shape and position of these holes depends on 
the precise value of the top-quark mass and on the details of the theoretical 
calculations [40]. A similar situation may occur in the context of the Next- 
to-Minimal-Supersymmetric Standard Model (NMSSM) [42]. It needs to 
be studied whether these scenarios can be covered at the LHC by exploiting 
additional search channels. 
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Fig. 11.12. (Left) The overall 5ø discovery potential for MSSM Higgs bosons with 
ATLAS at the LHC for an integrated luminosity of 30 fb~! in the mp-max scenario. 
In the shaded area (cyan) only the light CP-even Higgs boson h can be observed. In 
the blue left-hatched area the heavy neutral Higgs bosons H and/or A, and in the red 
right-hatched area the charged Higgs bosons H= can be detected. The cross hatched 
yellow region is excluded by searches at LEP. (Right) Sensitivty for the discrimination 
between the Standard Model and the MSSM from the measurement of A (see text) in 
the mp-max scenario. The discovery contours are shown for a luminosity of 300 fb~, 
for the vector boson fusion channels only 30 fb~!are assumed. 


11.6. Conclusions 


It has been demonstrated in numerous experimental studies that the exper- 
iments at the CERN Large Hadron Collider have a huge discovery potential 
for the Standard Model Higgs boson. If the Higgs mechanism is realized 
in nature the corresponding Higgs boson should not escape detection at 
the LHC. The full mass range can be explored and the Higgs boson can be 
detected in several decay modes. In addition, the parameters of the res- 
onance can be measured with adequate precision to establish Higgs-boson 
like couplings to bosons and heavy fermions. For both the discovery and the 
parameter measurements the vector boson fusion mode plays an important 
role. 

In the Minimal Supersymmetric Standard Model, Higgs bosons can be 
detected across the entire parameter space with a significance of more than 
5o for established CP-conserving benchmark scenarios. 
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Spin measurement is crucial in distinguishing major scenarios of TeV 
scale new physics once it is discovered at the LHC. We give a brief 
survey of methods of measuring the spin of new physics particles at the 
LHC. We focus on the case in which a long lived massive neutral particle 
is produced at the end of every cascade decay and escape detection. 
This is the case for R-parity preserving supersymmetry, Little Higgs 
models with T-parity, extra-dimensional models with KK-parity, and a 
large class of similar models and scenarios. After briefly commenting on 
measuring spin by combining mass and rate information, we concentrate 
on direct measurement by observing angular correlations among decay 
products of the new physics particles. We survey a wide range of possible 
channels, discuss the construction of possible correlation variables, and 
outline experimental challenges. We also briefly survey the Monte-Carlo 
tools which are useful in studying such correlations. 


12.1. Introduction 


Most models of TeV scale new physics are motivated by solving the hi- 
erarchy problem. Therefore, the most crucial ingredient of all of them is 
the mechanism of cancelling the quadratically divergent correction to the 
Higgs mass within the Standard Model. In order to achieve this, a set of 
new physics particles with the same or similar gauge quantum numbers 
as the Standard Model particles are introduced, whose couplings to the 
Higgs are related to those of the Standard Model particles. This “partner” - 
like structure of new physics is very generic in large classes of new physics 
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scenarios. Well-known examples include the set of superpartners in low 
energy supersymmetry [1] (for a recent review see Ref. [2]), KK excitations 
in extra-dimensional models [3], as well as similar states in little Higgs 
models [4] (Ref. [5] provides a brief review). 

Due to the similarities in gauge quantum numbers, initial LHC signa- 
tures of new partners are very similar, as they can decay into the same set 
of observable final state particles. The mass spectra of different scenarios 
can be chosen to produce similar dominant kinematical features, such as 
the pr distribution of the decay product. For example, a typical gluino 
decay chain in supersymmetry is 9 > q@+N> followed by Nz — 00+ Ñi. A 
similar decay chain in universal extra-dimension models [3] with KK-gluon 
(g®), KK-W (W£?) and KK-photon (7), g® — qqW{” followed by 
wi? — tly), gives identical final states since both Ñ: and +? are neutral 
stable particles which escape detection. The mass spectra of both super- 
symmetry and UED can be adjusted in such a way that the pr of the jets 
and leptons are quite similar. 

Some of the similarities in the LHC signature are actually the result of 
equivalences in low energy effective theory at collider scales. For example, it 
is known that “theory space” motivated little Higgs models are equivalent 
to extra-dimensional models in which Higgs is non-local in the bulk, via 
deconstruction [6-8]. Therefore, they can actually be described by the 
same set of low energy (~ TeV) degrees of freedom. An important feature 
of this class of models is that the partners typically have the same spin as 
their corresponding Standard Model particles. 

However, the difference between this set of models and low energy su- 
persymmetry is physical and distinguishable with a sufficiently precise mea- 
surement. In particular, the spin of superpartners differ from their Standard 
Model counter parts by half integers. Therefore, a crucial measurement to 
set these scenarios apart is to measure the spin of any new physics particles. 

The conventional way of measuring the spin of a new particle involves 
reconstruction of its rest frame using its decay products and studying the 
angular distribution about the polarization axis. For example, in process 
ete” — Z — ptp-, the 1 + cos?@ distribution of the muon direction 
in the rest frame of the Z reveals its vector nature. Unfortunately, in 
most new physics scenarios of interest such a strategy is complicated by 
the generic existence of undetectable massive particles. Motivated by elec- 
troweak precision constraints and the existence of Cold Dark Matter, many 
such scenarios incorporate some discrete symmetry which guarantees the 
existence of a lightest stable neutral particle. Well-known examples of such 
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discrete symmetries include R-parity in supersymmetry, KK-parity of uni- 
versal extra-dimension models (UED) [3], or similarly, T-parity in Little 
Higgs Models [9-12]. The existence of such a neutral particle at the end of 
the decay chain results in large missing energy events in which new physics 
particles are produced. This fact helps to separate them from the Standard 
Model background. On the other hand, it also makes the spin measure- 
ment more complicated because it is generically impossible to reconstruct 
the momentum, and therefore the rest frame, of the decaying new physics 
particles. 

There are two different approaches to measuring spin. First, given the 
same gauge quantum numbers, particles with different spin usually have 
very different production rates, due to the difference between fermionic and 
bosonic couplings and the number of degrees of freedom. Such an approach 
could be useful, in particular initially, for colored particles due to their large 
(hence more measurable) production rates. However, a crucial ingredient 
in such a strategy is the measurement of the masses of particles produced, 
as rate can only provide definitive information once the mass is fixed. Such 
an effort is made more difficult owing to the existence of missing massive 
particles. There is some residual model dependence since, for example, a 
couple of complex scalars can fake a dirac fermion. 

The second approach, is the direct measurement of spin through its 
effect on angular correlations in decay products. In the absence of a re- 
constructed rest frame, one is left to consider Lorentz invariant quantities 
which encode angular correlations. As we will see later in this review, spin 
correlations typically only exist in certain type of decays. Furthermore, 
new physics particles are frequently pair produced with independent de- 
cay chains containing similar particles. Therefore, a valid spin correlation 
measurement requires the ability to identify a relatively pure sample of 
events where we can isolate certain decay chains and suppress combina- 
torics effectively. Therefore, except for very special cases, we expect this 
measurement will require large statistics. At the same time, as will be clear 
from our discussion, using the appropriate variables and correctly interpret- 
ing the measured angular distribution frequently requires at least a partial 
knowledge of the spectrum and the gauge quantum numbers. Obtaining 
information about the spectrum and the quantum numbers is likely to re- 
quire a somewhat lower integrated luminosity than spin measurements do. 
Therefore, the order with which we uncover the properties of new particles 
is congruent to the order with which we must proceed in the first place 
to correctly establish these properties. Thus, we should clearly focus on 


208 L.-T. Wang and I. Yavin 


mass scales, branching ratios and gauge quantum numbers first, once new 
physics is discovered at the LHC, while keeping an unbiased perspective to- 
wards the underlying model. More refined measurements, such as the ones 
described in this review, will enable us to tell the different models apart 
thereafter. Such measurements can be useful and even more powerful in a 
linear collider as was recently proposed in Ref. [13]. In this review we will 
concentrate on methods applicable to the LHC. 

In principle, the production of particles with different spins leads to 
distinguishable angular distributions. This was investigated in the context 
of linear colliders in Ref. [14]. A similar measurement using the process 
pp — fÙ at the LHC has been studied in Ref. [15]. An analogues mea- 
surement in the production of colored states is more challanging. First, 
typically several different initial states and partial waves can contribute to 
the same production process. Therefore, it is difficult to extract spin in- 
formation from the resulting angular distribution in a model independent 
way. Second, as commented above it is difficult to reconstruct the direction 
of the original particles coming out of the production vertex. As a result, 
angular distributions are further washed out. 

In the rest of this review, we will survey both of these approaches with 
slightly heavier emphasis given to the angular correlation technique. For 
concreteness, we will compare supersymmetry with another generic sce- 
nario in which the partners, such as gluon partner g’, W-partner W’, quark 
partner q’, etc., have the same spin as their corresponding Standard Model 
particles. As was pointed out above, this generic scenario effectively param- 
eterizes almost all non-SUSY models which address the hierarchy problem. 

Spin measurement at the LHC is still a relatively new field where only 
first steps towards a comprehensive study have been taken. We will briefly 
summarize these developments in this review. We will focus here on the 
theoretical foundations and considerations relevant for the construction of 
observables. The potential for measuring spin in many new decay channels 
remains to be studied. Important effects, such as Standard Model back- 
ground and large combinatorics, deserve careful further consideration. We 
outline these issues in connection to particular channels below. 


12.2. Rate and Mass Measurement 


The total cross section might serve as an initial hint to the spin of the new 
particles discovered [16]. Due to differences in the number of degrees of free- 
dom, the couplings, spin-statistics and angular momentum conservation, 
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particles with different spin have very different cross-sections. Two exam- 
ples of such differences are shown in Fig. 12.1. Therefore, if we could 
measure the mass of the new physics particles, it will provide us with a 
good measurement of the spin. Notice that many factors, such as the un- 
certainties in Parton Distribution Functions, total integrated luminosity, as 
well as the detector and cut efficiencies have to be taken into account to 
extract production rates at the LHC. Such difficulties could in principle be 
addressed with more detailed study and probably higher statistics. A siz- 
able error bar on the production rate, say a factor of two, will not seriously 
affect these results since the rate in different scenarios are very different 
(see Fig 12.1) due to the quantized nature of the spin. 
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Fig. 12.1. Examples of the production rates of new physics particles. Top panel: the 


rate of Dirac fermion top partner vs right-handed stop (complex scalar) [12]. Bottom 
panel: the rate of KK-gluon vs gluino (Majorana fermion) [16]. 
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Certain model dependence is inevitable in this approach. For example, 
a fermion can be faked by two closely degenerate scalars. A potentially 
more serious problem is the model dependence in extracting production 
rates from observations. What we actually measure is the production rate 
multiplied by a some branching ratio into the particular set of final states we 
observe. Such branching ratios could easily vary by one order of magnitude 
over the parameter space of a certain scenario. Therefore, a straightforward 
extraction of rate information can only be achieved in the cases where the 
branching ratio is simple and largely model independent. This is in principle 
well motivated since there are many examples in which a single channel 
dominates a one step decay process. It is also true when the coupling is 
simple and known, such as the decay of some colored particle. However, 
in more complicated cases and longer decay chains, more information is 
necessary to extract information about the production rate. 

Moreover, such a determination is only possible if we could measure the 
masses of the particle using kinematical information. As demonstrated in 
Refs. [12, 17], typical “transverse” kinematical observables are not sensitive 
to the absolute mass of particles. One can only deduce the mass difference 
between the decaying particle and the neutral particle escaping the detector. 
If this is all the information one can extract, there are clearly ambiguities 
in interpreting data in terms of an underlying model. For example, suppose 
supersymmetry is the correct model for TeV scale new physics, and we have 
observed gluino production at the LHC, pp — gg, followed by g — qq+ 
LSP. By assuming supersymmetry, we can find the gluino mass Mj and 
LSP mass Mysp which give rise to the measured rate and mass difference 
Am = Mz — Musp. However, there is also, for example, a UED scenario 
in which KK-gluon with higher mass have the same production rate. It 
follows a similar decay chain g! — qqg+ LKP. We can adjust the mass of 
the LKP so that Mj: — Myuxp ~ Am at which point this model results 
in the same experimental observables at the LHC. Notice that in order 
for this degeneracies to exist, the only requirement is that the observables 
are only functions of Am, even if the functions are different for different 
scenarios. Of course, we expect detailed measurement at the LHC to yield 
more than just the mass difference. With some assumptions regarding the 
underlaying model there are more subtle kinematical observables which, in 
combination with the rate information, could determine the spin [17]. To 
what extent this could be generalized to a broader classes of new physics 
particles deserves further study. 
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Recently, several methods have been proposed to measure the mass of 
new physics particles directly [18-24]. A detailed discussion of these meth- 
ods is beyond the scope of this review. Combined with a rate measurement, 
such determination of mass will certainly provide an important measure- 
ment of the spin within the context of a certain (possibly well motivated) 
model. We expect such information to be complementary to the angular 
correlations we are about to discuss next. The detailed comparison be- 
tween them with the effect of fully realistic Standard Model background 
and detector effects included has yet to be carried out. 


12.3. Angular Correlations in a General Decay Topology 


The decay topology we will be interested in is shown in Fig. 12.2: A heavy 
partner, X, decays into a SM particle with momentum pı and another part- 
ner Y. Y subsequently decays into a second SM particle with momentum 
p2 and a third heavy partner, Z which may or may not be stable. For 
most of the discussion we will assume that Y is produced on-shell, but 
it is important to keep in mind that this same topology may still apply 
even for 3-body decays where the intermediate particle is off-shell (we will 
explore this possibility in Sec. 12.7). If Y is indeed on-shell, it is straight- 
forward to show that the differential decay width is simply a polynomial 
in tig = (pi + p2)? of degree 2s, with s being the spin of Y (for details 
see [25]), 


a xp, p2 Z 


dt = 09 bet azstis where tye = (pı + pp)”. (12.1) 
12 


We have chosen to use the variable t12 = mî, rather than invariant mass 
my. While they are equivalent in principle, distribution of ti2 is more 
convenient to interpret since it is linear in cos 449. 

The observed distribution often deviates from this simple relation be- 
cause of both experimental and theoretical reasons. First, if the interme- 
diate particle Y is not polarized, there is no hope of seeing any angular 
correlations, i.e. the polynomial is simply a constant. Second, if it is a 
fermion then polarizing it is not enough and we need its decay to distin- 
guish handedness. This leads us to some simple necessary conditions for 
the existence of angular correlations [25]: 


e If the intermediate particle Y is a vector-boson then My < Mx so that 
it is longitudinally dominated and hence polarized. 
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e If the intermediate particle is a Dirac fermion then both vertices in the 
topology of Fig. 12.2 must be at least partially chiral.* 

e If the intermediate particle is a Majoranna fermion then one must be 
able to determine the charge of the outgoing particles, pı and pe (even if 
only statistically). 


Pi 
P2 
— / 
—_ aaa 
X 
Y Èa 
Z 
Fig. 12.2. The topology for a generic decay where spin information may be found. A 
heavy particle X decays into a SM particle with momentum p; and a heavy partner Y 
of spin s. Y subsequently decays into another SM particle with momentum p2 and an 


invisible particle Z. If Y is on-shell then the differential decay width for this process is 
a polynomial of order 2s in the relativistically invariant variable t12 = (pı + p2)”. 


Based on these simple rules it is straightforward to list the different 
decay channels that may contain spin effects in the MSSM and other sce- 
narios. In what follows, we divide these channels into those which probe 
the spin of the Electroweak gauge-bosons and Higgs sector partners and 
those which probe the spin of the matter sector partners. In certain cases 
additional information of the spin correlations can be used to determine the 
spin of the external particles, X and Y in Fig. 12.2. As we show below it 
can lead to a full spin determination of every new physics particle involved 
in a decay chain. 


12.4. Mis-Pairing and Background 


Common to all attempts of establishing angular correlations is the problem 
of mis-pairing. The generic process shown in Fig. 12.2 is usually a part 
of a longer decay chain involving more final state particles. Moreover, 


aWe will see below that there is possibly an additional subtle kinematical suppression if 
the fermion consequently decays into a heavy vector boson, but this is non-generic. 
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this decay chain itself is only one of two branches in pair production. For 
example, the full event may look like Fig. 12.3, which is a process commonly 
discussed in connection with spin determination and elaborated upon in 
Sec. 12.5. If we are interested in the spin of Nz we would like to correlate 
the adjacent outgoing jet and lepton, e.g. qı and lnear. However, in general 
there are no sharp kinematical differences between the near and far leptons 
along the same decay chain. Similarly, it is not easy to tell which is the 
correct jet to pair with the lepton. Therefore, an experimental histogram of 
the invariant mass variable t12 is unlikely to follow the simple polynomial 
presented of Eq. (12.1). Instead we will get some shape which is composed 
of the polynomial structure coming from the correct pairing together with 
a more complicated behavior associated with the wrong pairing. This is 
in principle not a problem since one can fit to the result of a simulation, 
however, it does lead to a reduction in the relative statistical significance of 
the correct pairing and must be taken into account. This problem is shared 
by all the channels we discuss below and we will refrain from the refrain 
where it is self-evident. 


qı lnear far 


ae 
Ñ i 1 
q2 leir Par 


Fig. 12.3. A typical SUSY decay chain where the identification of the right pairing 
required for spin determination could be difficult. 


We will not discuss the problems associated with Standard Model back- 
ground in this review and assume that it was reduced with a strong set of 
cuts on missing energy, number of leptons and etc. However, even if all the 
events contain new physics we may still have events with different under- 
lying topology contributing the same visible final states. We refer to such 
ambiguities as same model background. Before investigating spin effects we 
must first ascertain that the event topology is well understood. Otherwise 
the resulting correlations will carry little significance. 
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12.5. Spin Determination of Electroweak Gauge-Boson 
Partners 


In this section we cover potential channels which may reveal the spin of 
heavy partners of the EW gauge-bosons and scalars (in SUSY those would 
be the winos, binos and higgsinos). Considering the hierarchy problem it is 
necessary to have the WF gauge-boson partners at the EW scale since the 
W= gauge-boson loop contribution to the corrections to the Higgs mass are 
the largest after the top quark loops. We begin with the least model de- 
pendent channel and follow with channels which involve more assumptions 
about the spectrum. 


12.5.1. Charged boson partner’s spin — Jet-W+ correlations 


The first channel we discuss is the minimal one in that it only assumes the 
presence of quark partners, charged EW bosons’ partners and a stable light- 
est particle. This channel was first presented and investigated in Ref. [25] 
and later also in Ref. [26]. The relevant topology is shown in Fig. 12.4 for 
both SUSY and same-spin scenarios. 

The differential decay width for the two processes is a polynomial in 
taw = (pq + pw)’, where p4 is the momentum of the outgoing quark and 
pw is that of the outgoing W gauge-boson. It is of degree 1 (2) for the 
SUSY (same-spin) scenario and is given by, 


dl susy 


SUSY = C, (lar|? — lanl?)tqw + Co, 
taw 


F (12.2) 
= = Chttw + Citaw + Co 
where az,p are the left and right coupling of the Ñ? — Čt —W* vertex and 
the C;’s are dimensionful factors which depend only on the masses of the 
different particles in the decay and can be found in Ref. [25]. The expression 
for dU susy/dtgw in Eq. (12.2) makes it evident that in the SUSY case 
angular correlations vanish in the non-chiral limit where |az| = |ar|. 
There are several experimental difficulties associated with this channel. 
First, if the W= decays leptonically then one must correlate the resulting 
lepton with the outgoing jet. Since it is impossible to fully reconstruct the 


gauge-boson the distribution is no longer governed by the simple formula 
in Eq. (12.2) (if the gauge-boson is strongly boosted in the lab frame one 
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Fig. 12.4. Topology for the decay of an up-type quark partner into a down-type quark, 
a Wt gauge-boson and an invisible stable particle. On the left is the SUSY decay 
chain and on the right is the corresponding decay chain in a theory with same-spin 
partners. 


may be able to extract its four-vector at least approximately). Nonetheless, 
preliminary studies seem to indicate that the distinction between SUSY and 
same-spin scenarios is still very pronounced [25]. 

Second, if the W~ decays hadronically then it is important to estab- 
lish how well can the W~ be reconstructed and its momentum correlated 
with that of the outgoing jet. This will require a more realistic study and 
simulations and such an effort will benefit greatly from any help from the 
experimental community. 

Figure 12.5 contrasts the Jet-W~ correlation in SUSY against same- 
spin scenarios with quark partners at 1 TeV, vector boson partners at 
500 GeV and an LSP at 100 GeV. This simulation was done including 
background from the same model (no SM background, though) and without 
any knowledge of the correct pairing. In every event one tries to reconstruct 
the W= from two of the 4 jets and then form the invariant mass taw with the 
two remaining jets. If more than one pairing reconstructs W it is regarded 
as failure and the event is discarded. The cuts involve Py > 200 GeV 
and |n| < 4.0. Jets were defined with a cone size of AR = 0.4. The 
linear behavior vs. the the quadratic behavior is still visible on top of the 
background coming from the wrong pairing and contamination from other 


event topologies. 

This example also serves as a remainder that any observable suggested 
as a possible determinant of spin better result in robust differences in dis- 
tributions’ shapes. Any discriminator that relies on small discrepancies is 
unlikely to survive when the experimental limitations are properly taken 
into account. 
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Fig. 12.5. Considering only signal events with 2-jets and a hadronic W= this is a histo- 
gram of the invariant mass tgw (see text for details concerning the reconstruction) for the 
two prototype models: SUSY (solid-black), Same-Spin (dashed-red). The histogram is 
normalized to unit area and the normalized statistical error is approximately VN ~ 0.04. 
The quadratic behavior of the same-spin scenario is clearly distinguished from the linear 
behavior associated with SUSY. 


12.5.2. Charged boson partner’s spin — Jet-Z° correlations 


If the spectrum contains two light charged EW bosons’ partners (e.g. both 
Higgsino and Wino are light) then the topology shown in Fig. 12.6 is pos- 
sible. With sizable branching ratio, this is a very promising decay channel 
because the Z° gauge-boson can be unambiguously reconstructed together 
with its four-momentum. The differential decay width follows that of 
Eq. (12.2) and the prospects of determining spin using this channel are 
now under investigation [27]. In addition, if the underlaying model is in- 
deed SUSY, the slope in Eq. (12.2) is sensitive to the value of tan 8. This 
is easy to understand if one recalls that for an intermediate Dirac fermion 
both interaction vertices need to be at least partially chiral. The ĝ— j= q 
vertex is certainly chiral if the intermediate chargino is mostly a wino. The 
C2—C,—Z, however, is only chiral if tan 3 Æ 1. In fact it is straightforward 
to show that the slope of the distribution is directly related to tan @ and 
vanishes as tan — 1. Since, this measurement is in principle very clean, 
it may offer extra information in addition to the spin of the chargino state. 


A Review of Spin Determination at the LHC 217 


wit 


Fig. 12.6. Topology for the decay of an up-type quark partner into an up-type quark, 
a Z? gauge-boson and a charged partner. On the left is the SUSY decay chain and on 
the right is the corresponding decay chain in a theory with same-spin partners. 


12.5.3. Neutral boson partner’s spin 


In an early and interesting paper [28], Barr has pointed out that the in- 
herent charge asymmetry of a proton-proton collider may lead to certain 
angular correlations which carry spin information. This channel is known 
to be useful for mass determination and its sensitivity to spin was pointed 
out earlier in Ref. [29] and references therein. The decay topology for the 
SUSY case is shown in Fig. 12.7. Experimentally, the far lepton cannot be 
distinguished from the near lepton and one must average over both contri- 
butions. Barr found that it is possible to define an asymmetry parameter 
which is sensitive to the spin of the intermediate neutralino No, 


dI dI dI dI 
A= = _ a 12.3 
(= dt gi- iy & E dt gi- ) ( ) 


(The original asymmetry defined by Barr was with respect to the invariant 
mass rather than t,;+, but these two definition are isomorphic). 

This decay chain was further investigated by [14, 30-32] and contrasted 
against the corresponding decay chain in the scenario with Universal Extra 
Dimensions (UED) [3, 33]. As in the previous cases, this asymmetry has the 
opposite sign if the initial state is an anti-squark. Therefore, this observable 
relies on the LHC begin a proton-proton collider and is sensitive to the 
quark-anti-quark asymmetries in the parton distribution functions. 

We remark that this channel demands the existence of light lepton part- 
ners in the spectrum. Leptonic partners at the EW scale are certainly not 
required in order to solve the hierarchy problem. For example, they are not 
present in Little Higgs models. They exist in Supersymmetric theories and 
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A 


M 


Fig. 12.7. Topology for the cascade decay of a quark into two leptons and neutral 
stable partner. The correlation of the quark with the near lepton reveals the spin of the 
intermediate neutralino N,. However, experimentally it is hard to distinguish between 
the far and near lepton and one must average over both. The resulting distribution is 
asymmetric in the correlation of the quark with a positive versus negative leptons. 


RGE effects tend to cause them to be lighter than the quark partners, but 
they may not necessarily be lighter than the neutralinos. Nonetheless, if 
they are light and the decay chain of Fig. 12.7 is allowed, it will teach us 
an enormous amount regarding the underlying model. 

Some of the experimental difficulties associated with this channel were 
pointed out above already (mis-pairing and same model background). In 
addition, the necessity for a charge asymmetry means that gluino pair pro- 
duction events will tend to contaminate the signal and reduce the sensitivity 
due to the absence of charge asymmetry to begin with. This is also true for 
squark pair production if dominated by gluon-gluon initial state. In connec- 
tion with this difficulty, Ref. [34] had the interesting proposal to overcome 
this using the distinction between b and b. It may even lead to a mea- 
surement of the gluino spin with enough luminosity. However, so far this 
possibility has only been investigated for the parameter point SPSla which 
is particularly friendly for hadron collider studies. It remains uncertain 
whether these conclusions can be extended to more generic spectra. 


12.6. Spin Determination of Standard Model Matter Partners 


In SUSY, the matter partners are scalars and therefore carry no spin in- 
formation. In scenarios with same spin partners, angular correlations in 
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decays involving the intermediate heavy fermions are certainly possible and 
the conditions for such effects were elucidated in Ref. [35]. It was also noted 
that, in combination with the measurements discussed above, one may ob- 
tain information on the spin of the initial and final partners in the cascade. 
We now briefly review these findings. 

The general decay topology is shown in Fig. 12.8 where the SUSY decay 
of a gluino is shown alongside the corresponding decay in the same-spin 
scenario. The differential decay width is in general given by, 


dl'susy AV same—spin 


= = Cit, +C} (12.4) 


where tpp = (pf + py)? and the coefficients C{ and Cj are presented in 
Table 12.1. 

As mentioned above, when the intermediate partner is a Dirac fermion 
the necessary conditions for the existence of angular correlations (i.e. for 
the coefficient Ci in Eq. (12.4) to be non-zero) are that both interaction 
vertices in Fig. 12.8 are at least partially chiral. As we will now show, it 
is possible to satisfy this condition with very few assumptions about the 
same-spin model. 

First, we will assume that the members of this new sector have the same 
quantum numbers as the known quarks and leptons (this assumption is not 
necessary, but will simplify the discussion). As throughout this review, we 


SK) 


>, 


Fig. 12.8. Topology for a decay involving an intermediate matter partner. On the left 
is the SUSY decay of a gluino into two SM fermions and a neutralino. Since the inter- 
mediate particle is a scalar there are no angular correlations between the two outgoing 
fermions. On the right is the decay in a scenario with same spin partners. A heavy 
gluon-like particle decays into two SM fermions and a heavy neutral gauge-boson. The 
outgoing fermions do exhibit angular correlations owing to the fermionic nature of the 
intermediate heavy matter partner. 
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will assume that some Zə parity symmetry is present. In what follows we 
use the quark sector to demonstrate our results, but similar conclusions 
hold for the lepton sector as well. 


SM Heavy partners SU(2) x Uy(1) 
u’ u' 
wle a] | ea) 
L R 
UR Up ue (1,2) 
dr Dr Dy (1,-3) 


We denote the heavy fermionic modes by Q% r, U}, r and Di, p. Here, 
Q' = (u’,d’) is an SU(2) doublet while U’ and D’ are singlets; note that 
QL, Up and Dg are partners to SM fermions while Qg, U; and Di, have 
no Standard Model counterparts. 

At this stage, the coupling to the SM matter is via heavy bosons (9, 
W’ and etc.) because of the Z parity. Since the SM matter sector is chiral 
it forces the new interaction to be chiral as well. The coupling to the heavy 
gluon g’, for example, is schematically, 


Lint = O19 an + U pg’ ur+ Dag dr + hic. (12.5) 


where qz is the SM electroweak doublet and ur and dz are the singlets. 

However, for the new fermions to be parametrically heavy they must 
have Dirac masses in addition to the usual Yukawa coupling to the Higgs. 
Therefore, after EW symmetry breaking, their mass matrix is given by (in 
here we ignore the flavor structure to simplify the discussion), 


Mg ùv u’, 
O 


where v = 246 GeV, A is a Yukawa coupling of the new states, and y is 
some phase which in general cannot be rotated away. A similar mass matrix 
holds for the down sector. After diagonalizing the mass matrix the mixing 


2dv,/ M + 2MQMv cosy + MẸ 


(M3 — Mz) + / (M3 — MB)? +420? (M3 + 2MoMv cosp + M2) 
(12.7) 


angle is given by, 


tan = 
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Below, we concentrate on two limiting cases of this relation which result in 
very different angular correlations. 


12.6.1. Non-degenerate spectrum 


When the diagonal terms in the mass matrix are sufficiently separated, 
Mg — Mu > ùv, the mixing between the states is small and the phase 
plays no role, 


AU 
tan@ ~ —— 1 12. 
and~ 7 < (12.8) 


where AM = Mg—Mv. When the mixing is small the interactions with the 
SM in Eq. (12.5) remain chiral after rotation into the mass eigenstate basis. 
This leads to an important conclusion: any model with heavy fermionic 
partners of the SM matter sector protected by some Z2 parity (K K-parity, 
T-parity etc.), with a non-degenerate spectrum, exhibits angular correla- 
tions in decays. 


12.6.2. Degenerate spectrum 


We now turn to examine a degenerate spectrum, so that Mg — Mu < Av. 
Such a spectrum can result from any symmetry that relates left and right 
mass parameters. In this case the phase y carries significance. When y = 0 
the mixing is large, 


AM 
Mis as 8 (12.9) 
AM + VAM? + Av? Av 
The coupling of the mass eigenstates to the SM is no longer chiral, 
= = AM 


and similarly for the other gauge couplings. Therefore, since the inter- 
actions with the SM, Eq. (12.10), are no longer chiral we expect angular 
correlations in decays to vanish (up to corrections of order O(AM/)v)). 

In the UED model, not only are the masses degenerate by construction, 
but also the phase is fixed by 5-d Lorentz invariance y = m as shown in 
Ref. [35]. In this case, unless À is unnaturally large, the mixing is always 
small, 


À 
ET eee ee E (12.11) 


MENM fae 
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where M = (Mg + My)/2. Therefore, as can be seen from Eq. (12.5), the 
interactions of the SM with Uj and U} remain chiral and angular correla- 
tions should be present in decays. 

This observation leads to the following conclusion: if angular correla- 
tions are not present, or are strongly suppressed, UED model can be ruled 
out, but it is still possible that matter sector partners are fermions. 


12.6.3. Slope information 


If the vertices are chiral and angular correlations are therefore present then 
one may extract more information out of such measurements than just the 
spin of the intermediate matter partner. In Table 12.1 the other possible 
spin assignments for the external particles in a decay involving an inter- 
mediate Dirac fermion are shown.” All these distributions have an edge 
at, 

setae) _ (M3 — M3) (M8 — M2) A 

ff M2 

Q 

However, depending on the spin of the external particles the slope is dif- 
ferent and the behavior near the edge is modified. The slopes presented in 
the table assume no significant Left-Right mixing, such as UED or the non- 
degenerate case discussed above. A determination of the slope together 
with a measurement of the ratio Mg/M, (from kinematical edges and 
cross-sections) can identify the spin of the external particle up to a two 
fold ambiguity. 

For example, if one measures a positive slope and M, ô /M. 2, > 2 then one 
can conclude that the gluon partner is a vector-boson, but whether 7’ is a 
scalar or a vector-boson is left unresolved. On the other hand, a positive 
slope together with M/M2, > 2 leads one to conclude that 7’ is a scalar, 
but the spin of the gluon partner can be either zero or unity. 


12.6.4. Long cascade decays and total spin determination 


The cascade decay in Fig. 12.10 is an example for a decay chain where the 
spin of all the partners may be determined unambiguously. Suppose one 
measures the slope of the bb pair to be negative with M2, /M2, < 2 and 
that of the dilepton pair, 0~2*, to be negative with M? /M3, < 2 as well. 
>The reader will undoubtedly notice that the slope vanishes as MÊ => 2M2, when 7’ is 


a vector-boson. This subtle kinematic suppression arises because the outgoing vector- 
boson y’ is unpolarized in this limit. 
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Table 12.1. If angular correlations exist between the outgoing f — f or dilep- 
ton pair, then the sign of the slope of the distribution (whether Ci > 0 or 
C1 < 0) may reveal the spin of the external particles as well as the interme- 
diate one. In the first row we consider a scenario where the external particles 
are both vector-bosons (VFV). In the second row the incoming partner is a 
scalar whereas the outgoing partner is a vector-boson (SFV) and so forth. 


Scenario Slope C} Intercept Cf 


J2 2 2 2 jå 2 g2 j (edge) 
(2m2, — M3) (m2 z 2M2,) (M4 + 4M2, M2) ts 


wolf fF 
pand 2 2 2 (edge) 
Le = (m2 = 2M?, ) m tet 


2 _ 472 2 ,(edge) 
‘ (2m2, M3) at 
N 

= (edge) 


yà 
© 


dF /dt,, x WaT 


% 02 p 04. % 0.05 0.1 O.I5 
t.(in units of M p tş (in units of M ) 
ö 


Fig. 12.9. The resulting differential decay-width distributions corresponding to the var- 
ious possibilities discussed in Table 12.1. The mass scales are in units of Mgs. The left 
pane corresponds to Mg/M, = 2 and the right one has Mg/M.,,, = 1.2. Notice the 
change in the slope for the VFV and SFV models as this mass ratio is changed. 


Then, either all three partners, g’, Z’ and y’, are vector-bosons, or all 
three are scalars. Hence, with a single spin measurement of the Z’, such as 
described in Refs. [14, 25, 28, 30, 31], one can lift this two-fold ambiguity 
and determine the spin of all the particles in the event. This optimistic 
picture is probably far from what will be possible in practice, however, it 
sharply illustrates the utility of the slope at distinguishing between different 
possible spin assignments. 


224 L.-T. Wang and I. Yavin 


Fig. 12.10. A long cascade decay in scenarios with same-spin partners. As explained in 
the text, a knowledge of the angular correlations between the bb pair and dilepton @~ ¢+ 
may contain enough information to determine the spin of all the particles in the event, 
including g’, Z’ and y’. 


There is no question of reconstruction and no need for any charge asym- 
metry. The most urgent challenge is to identify the correct pairing. Realis- 
tic simulations and experimental input will go a long way to shed some light 
on the issue. Also, the ability to tag the charge of the outgoing particles 
in the decays discussed above could be of use. A study which will quan- 
titatively clarify how does the signal deteriorate when such information is 
only partially available (b tagging) or altogether missing (jets) is in need. 
This will be helpful for assessing the prospects for spin determination at 
the LHC if matter partners are light enough to be present in the spectrum. 


12.7. Off-Shell Decays 


As was discussed in Ref. [25] and elaborated upon in Ref. [36], if a decay 
proceeds through an off-shell fermion (consider Fig. 12.8 again, but with f’ 
being off-shell), angular correlations are guaranteed because such a fermion 
is inevitably polarized. This can be understood by considering the fermionic 
propagator for a Dirac fermion, 


= pM 


For M > #, the propagator favors one helicity structure over the other or 
in other words the intermediate particle is polarized. In SUSY, the inter- 
mediate particle is a scalar and no correlations are expected. The decay’s 
kinematics are then governed by 3-body phase-space and the resulting dif- 
ferential decay-width is shown in Fig. 12.11. This is contrasted with the 
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Fig. 12.11. Theoretical curves for the differential decay-width in decays of the type 
shown in Fig. 12.2 as a function of tig = (pi + p2)? for an off-shell intermediate state. 
The graphs are normalized to unit area. We contrast SUSY against two type of same-spin 
models. In SUSY, the intermediate particle is a scalar whereas the decaying particle and 
the LSP are Majoranna fermions i.e. the gluino and neutralino. In VFV (SFS) scenario, 
the intermediate particle is a Dirac fermion and the external partners are vector-bosons 
(scalars). 


same-spin scenario where the polarized intermediate fermion affects the 
distribution and causes it to deviate from the phase-space prediction. 

A simple example of such a decay is realized in scenarios where the 
matter partners are heavy, but the gluon partner can be produced directly 
(for an extreme realization of such a setup see Ref. [37]). It will then 
decay into neutral matter through an off-shell matter partner as in Fig. 12.8 
(though, in the case of an intermediate off-shell state, one must be careful 
to include the crossed diagrams as well). 

On top of the experimental difficulties mentioned above, there is one 
additional difficulty that must be recognized. A brief look at the distribu- 
tions in Fig. 12.11 reveals that the real discrepancy between the different 
scenarios is concentrated in the low tı2 region. This corresponds to the 
outgoing quarks being close by in real space. It is therefore susceptible to 
AR and isolation cuts and it is not even clear that such quarks will be 
tagged as two different jets by the jet algorithms. These effects can carve 
out the entire low t12 region and reduce the sensitivity of this observable to 
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spin information. These effects have been included in the study of Ref. [36], 
but since no jet algorithm was used, it would be important to reanalyze 
this channel with a more realistic simulation. 


12.7.1. Simulation tools to study spin correlations 


The amplitude for a single process is represented at tree level by several 
topologically distinct Feynman diagrams. The denominator for the am- 
plitude correspodning to each diagram comes in the form of a product of 
simple poles. The numerator on the other hand takes into account the 
helicity structure of the diagram and can be written as the sum of several 
terms. To obtain an accurate simulation of the process one must square 
the full amplitude and include all the interference terms. Simulators such 
as CompHEP [38] and MadGraph [39] achieve exactly that albeit through 
slightly different routes (CompHEP offers in addition an analytic expression 
for the squared amplitude). 

However, when interested in events with multiple final states (more than 
4 or 5), it becomes too computationally demanding to proceed without an 
approximation. If the intermediate states within each diagram can go on- 
shell they will do so since such configurations receive strong support from 
the pole structure of the denominator. In this case, the interference terms 
between denominators with different poles are suppressed with respect to 
the leading singularities. It is then possible to approximate the full ampli- 
tude by a reduced one in which the intermediate states are set on-shell and 
any interference is neglected. This is the well-known narrow-width approx- 
imation and is utilized by the most widely used generators: PYTHIA [40] 
and Herwig [41]. This approximation of course breaks down near a thresh- 
old or when the width becomes large compared with the mass difference (in 
which case the notion of an isolated pole identified as a particle is meaning- 
less to begin with). It goes without saying that in the case of an off-shell 
decay such an approximation is altogether invalid. 

As we just saw that the narrow-width approximation ignores interfer- 
ence terms between topologically distinct Feynman diagrams. There may 
still be additional interference effects associated with the different polariza- 
tions of intermediate particles in individual Feynman diagrams. PYTHIA 
and Herwig differ in the way they treat these effects. In consequence of 
the narrow-width approximation the propagator of intermediate states is 
reduced to the sum over polarization and we can describe a generic matrix 
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element involving one propagator schematically as, 


(out|prop|in) = S| (out|A) (Alin) (12.14) 
A 


where the sum is over the different intermediate polarizations A. The event- 
generator is interested in the squared amplitude which corresponds to the 
probability, 


| (out|prop|in)|? = X- (outl A) (A Jout) (Alin) (in|’) 


AA 


= X (in|A’) Daw (Alin). (12.15) 


AA 


In the last stage we defined the spin density matrix Dax which embodies 
all the information carried by the numerator. Now, the spin of the initial 
and final state is presumably known either because we must average or sum 
over it. The question is what is being assumed about the density matrix 
and wether it is to be calculated. PYTHIA simply ignores it all together 
setting it to the identity matrix properly normalized. Herwig uses a clever 
algorithm and computes it stochastically [42, 43]. It therefore maintains 
full coherence as far as the spin is concerned. It was recently extended to 
include heavy on-shell vector-bosons (such as KK gluon states etc.) and 
the details are described in Ref. [25]. 

As mentioned above the problem in using fully coherent event generator 
is that it is computationally prohibitively expensive when the number of 
external particles exceeds a few. Events which result in many final states are 
unwieldy using this scheme. Recently, a new and useful tool called Bridge 
[44] was developed to deal with longer decay chains by making use of the 
narrow-width approximation. Unlike PYTHIA, Bridge does not ignore the 
density matrix altogether, but rather try to approximate it by computing 
the diagonal elements, D)), in a particular reference frame. This results 
in a fairly good approximation in certain cases when one of the elements 
is much larger than the others (such as in Top decay through an inter- 
mediate W-boson). However, it should not be expected to hold in general. 
In particular, since the density matrix is not Lorentz invariant, while the 
approximation may be valid in one reference frame it is not necessarily so 
in all frames. Which frame is optimal cannot be answered in full generality. 
It may prove useful to try and incorporate the algorithm for maintaining 
spin coherence used in Herwig into Bridge. 
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12.8. Conclusion and Outlook 


We have reviewed methods of measuring the spin of new physics particles 
at the LHC. Such measurements are crucial in distinguishing qualitatively 
different classes of new physics scenarios, such as supersymmetry and Little 
Higgs or extra-dimensional models. 

For given masses, new physics particles with similar gauge quantum 
numbers but different spin will typically have very different production 
rates. Therefore, combining with independent measurements of their 
masses, their production cross-sections provide a quick determination of 
their spin, with minimal model assumptions. However, due to the existence 
of neutral stable massive particle at the end of the decay chain in many new 
physics scenarios, absolute mass measurement is challenging. Moreover, 
model dependent factors, such as decay branching ratios, have to be taken 
into account to extract total production rate. New method of utilizing the 
rate of information, such as combining production rates in several channels 
and using certain kinematical features which are sensitive to the overall 
mass scale, needs to be developed. Several new approaches of measuring 
absolute mass scales have been proposed recently. Their effectiveness in 
providing additional information in spin measurement need to be accessed. 

We focus on direct and model independent ways of measuring spin using 
angular correlation among decay products of the new physics particles. Due 
to the difficulties in fully reconstructing of the restframe of the new physics 
particle from its decay products is difficult, we have to use Lorentz invariant 
combinations of momenta of the observable particles, which encode the spin 
information of the intermediate particles in the decay chain. We survey the 
potential of extracting spin information in a large class of different decay 
topologies. In each case, we present specific observables and discuss the 
conditions under which spin correlations are in principle observable. 

We considered two classes of new physics particles: partners of the 
Standard Model gauge-bosons and partners of the Standard Model matter 
fermions. In both cases, understanding the masses of particles and the chi- 
ral structure of their couplings is crucial in extracting the spin information. 
Details of exclusive decay chains must be well understood so that the appro- 
priate variables can be used and interpreted correctly. As illustrated in the 
text these issues apply directly to the gauge-boson partners. In the case of 
fermionic Standard Model matter partners The couplings are always chiral 
when the spectrum is non-degenerate. In the more subtle degenerate case 
the existence of spin effects depends on additional parameters. In particular 
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we concluded that the UED model always leads to angular correlations as 
a result of five-dimensional Lorentz invariance. Moreover, the slope of the 
resulting distributions contains additional information regarding the spin of 
the external particles. Its determination requires knowledge of the masses 
of those particles. Building on these findings, we also propose a way of 
measuring in principle the spin of every new physics particles in the decay 
chain. In the case of an off-shell decay with an intermmediate fermion, an- 
gular correlations are always present. This is an interesting direction which 
deserves further detailed investigation. 

Since both the existence and the interpretation of the spin correlation 
at the LHC depends strongly on the parameters of the model under con- 
sideration, such as the mass spectrum and couplings. Therefore, we need 
to explore potentially useful channels and observables as much as possi- 
ble. Viable strategies of extracting spin information at the LHC can only 
be finalized with our measurements of masses and couplings of the new 
physics particles. It is important to keep as much viable frameworks in 
mind as possible while we only have incomplete information about the new 
physics discovered at the LHC. 
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Chapter 13 


Anticipating a New Golden Age 


Frank Wilczek 


Center for Theoretical Physics 
Department of Physics 
Massachusetts Institute of Technology 
Cambridge, MA 02189 


The standard model of fundamental interactions is remarkably success- 
ful, but it leaves an unfinished agenda. Several major questions seem 
ripe for exploration in the near future. I anticipate that the coming 
decade will be a Golden Age of discovery in fundamental physics. 


13.1. Where We Stand 


13.1.1. Celebrating the standard model 


At present, the standard model of particle physics stands triumphant. It has 
survived testing far beyond the range of energies for which it was crafted, 
and to far greater precision. 

Even the “ugly” parts look good. Unlike the gauge part of the standard 
model, whose parameters are few in number (namely, three) and have a 
beautiful geometric interpretation, the part dealing with fermion masses 
and mixings contains many parameters (about two dozen in the minimal 
model) that appear merely as abstract numbers describing the magnitudes 
of Yukawa-type couplings of one or more hypothetical Higgs fields. In the 
present state of theory all these numbers must be taken from experiment. 
Nevertheless, the framework is very significantly constrained and predictive. 
From the underlying hypotheses of renormalizable local quantum field the- 
ory, and three generation structure, we derive that a 3 x 3 unitary matrix, 
the CKM (Cabibbo, Kobayashi, Maskawa) matrix, must describe a multi- 
tude of a priori independent decay rates and mixing phenomena, including 
several manifestations of CP violation. 
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The first figure gives some sense of the rigor and power of these 
predictions. 
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Fig. 13.1. Quantitative tests of the CKM framework, presented graphically. From [1]. 


Phenomena associated with neutrino masses, and with gravity, are com- 
monly regarded as beyond, or at least outside, the standard model. Of 
course, where one draws the boundary of the standard model is largely 
a matter of taste. But it’s appropriate to emphasize that our working de- 
scriptions both of neutrino masses and of gravity fit smoothly and naturally 
into the conceptual framework associated with the “core” standard model 
of strong and electroweak interactions. Specifically, neutrino masses can 
be accommodated using dimension 5 operators, and gravity through the 
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Einstein-Hilbert curvature term and minimal coupling to matter (we can 
also include a cosmological term). The deep guiding principles that underlie 
the standard model, to wit local quantum field theory based on operators of 
the lowest available mass dimension, also work to give theories of neutrino 
masses and of gravity that describe all existing observations in terms of a 
small number of parameters. 

Altogether, the standard model supplies an economical, precise and — 
we now know — extraordinarily accurate description of an enormous range 
of phenomena. It supplies, in particular, firm and adequate foundations for 
chemistry (including biochemistry), materials science, and most of astro- 
physics. We should be very proud of what we, as a community stretching 
across continents and generations, have accomplished. 


13.1.2. An unfinished agenda 


But the success of the standard model, while imposing, is not complete. 
The standard model has esthetic shortcomings, and there are phenomena 
that lie beyond its scope. That combination of flaws is, ironically, full of 
promise. We may hope that by addressing the esthetic shortcomings, we 
will bring in the missing phenomena. Pll be discussing several concrete 
examples of that kind. 

More generally, by drawing the boundaries of the known sharply, the 
standard model gives shape and definition to the unknown. Here is an 
agenda of questions that arise out of our present combination of knowledge 
and ignorance: 


What drives electroweak symmetry breaking? 
Do the gauge interactions unify? 

What about gravity? 

What is the dark matter? 

What is the dark energy? 

How can we clean up the messy bits? 

What else is out there? 


Thanks to generous investment by the international community, and 
heroic work by many talented individuals, we will soon have a magnifi- 
cent new tool, the Large Hadron Collider (LHC), to address many of these 
questions. 


236 F. Wilczek 


Of course, I don’t know what we'll be finding, but I think it’s possi- 
ble to make some intelligent guesses, and that is what Pll be doing here. 
Returning to the agenda, I’ve highlighted in boldface the questions that 
seem ripe for decisive progress, and in italic the questions I think are ripe 
for significant progress, and left the truly obscure questions plain. These 
judgments emerge from the considerations that follow. 


What drives electroweak symmetry breaking? 
Do the gauge interactions unify? 

What about gravity? 

What is the dark matter? 

What is the dark energy? 

How can we clean up the messy bits? 

What else is out there? 


13.2. Electroweak Symmetry Breaking 


13.2.1. The cosmic superconductor 


The success of the electroweak sector of the standard model teaches us that 
what we perceive as empty space is in reality a cosmic superconductor — 
not, of course, for electromagnetic fields and currents, but for the currents 
that couple to W and Z bosons. We do not know the mechanism or the 
substrate — i.e., what plays the role, for this cosmic superconductivity, that 
Cooper pairs play for ordinary metallic superconductivity. No presently 
known form of matter can play that role, so there must be more. 


13.2.2. Minimal model and search 


The most economical assumption about what’s missing, measured by 
degrees of freedom, is incorporated in the minimal standard model. In 
this minimal model, besides the known fermion and gauge fields, we in- 
troduce a complex scalar SU(2) doublet “Higgs” field. Of the four quanta 
this complex doublet brings in, three have been observed: the longitudinal 
components of the W+, W- and Z bosons. The remaining + of the quartet 
is the so-called Higgs particle. 

The Higgs particle has been a target of experimental search for many 
years now, so elaborate discussion is superfluous here. Let me just present 
an icon (Fig. 13.2): 
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Fig. 13.2. A proposed mechanism for production and observation of the Higgs particle. 
It is a purely quantum-mechanical process that brings in every portion of the standard 
model. 


This figure depicts an important search mode for the Higgs particle: 
production through gluon fusion, followed by decay into two photons. The 
phrase “Yesterday’s sensation is today’s calibration” conveys the pioneering 
ethos that is a glory of our community, but it is good on occasion to step 
back and appreciate how far we have come. The description of this pro- 
cess, leading from colliding protons to resonant yy production, brings in 
every sector of the standard model, including such profundities as the gluon 
structure of protons, the universal color coupling of QCD, the basic Higgs 
couplings proportional to mass, and the electroweak Yang-Mills vertex. 
Moreover, this process is purely quantum-mechanical, twice over. Each 
of its two loops indicates that a quantum fluctuation has occurred; interac- 
tion with virtual particles is essential both for the production and for the 
decay. Yet we claim to understand this rare, involved, and subtle process 
well enough that we can calculate its rate, and distinguish it from many 
conceivable backgrounds. It is an impressive calibration, indeed. With any 
luck, it will become tomorrow’s sensation! 


13.3. Unification and Supersymmetry 


13.3.1. Unification of charges 


The structure of the gauge sector of the standard model gives powerful 
suggestions for its further development. 
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The salient features of the gauge sector of the standard model are dis- 
played in Fig. 13.3. 
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( d d d ) mixed, not unified 


Fig. 13.3. The groups and multiplets of the standard model. Esthetic defects: there are 
three separate gauge groups, and corresponding couplings; five independent fermion mul- 
tiplets (not counting family triplication); and peculiar hypercharge assignments tailored 
to experiment. 


The gauge theories of strong and electroweak interactions successfully 
describe a vast amount of data quantitatively, in terms of a very small 
number of input parameters (i.e., just three continuous ones). Thus these 
theories are economical, as well as precise and accurate. They appear to 
represent Nature’s last word, or close to it, on an enormous range of phe- 
nomena. 

Yet there is room for improvement. The product structure SU (3) x 
SU(2) x U(1), the reducibility of the fermion representation, and the pe- 
culiar values of the hypercharge assignments all suggest the possibility of a 
larger symmetry, that would encompass the three factors, unite the repre- 
sentations, and fix the hypercharges. The devil is in the details, and it is 
not at all automatic that the observed, complex pattern of matter will fit 
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neatly into a simple mathematical structure. But, to a remarkable extent, 
it does. The smallest simple group into which SU(3) x SU(2) x U(1) could 
possibly fit, that is SU(5), fits all the fermions of a single family into two 
representations (10 + 5), and the hypercharges click into place. 

As displayed in Fig. 13.4, a larger symmetry group, SO(10), fits these 
and one additional SU(3) x SU(2) x U(1) singlet particle into a single 
representation, the spinor 16. That additional particle is actually quite 
welcome. It has the quantum numbers of a right-handed neutrino, and it 
plays a crucial role in the attractive “seesaw” model of neutrino masses. 
(See below, and for a more extended introduction to these topics see [2].) 

Perhaps most remarkably, according to this extended symmetry hyper- 
charge assignments are no longer arbitrary and unrelated to the color and 
weak charges. The formula 


Y = - <(R+W+B)+3(G+P) (13.1) 


relating hypercharge Y, color charges R, W, B and weak charges G, P is a 
consequence of the symmetry. With it, the loose end hypercharge assign- 
ments of the standard model join the central thread of unification. 


13.3.2. Unification of couplings 


Unification of charges within SO(10), or alternative (closely related) sym- 
metry groups, displays a marvelous correspondence between the physically 
real and the mathematically ideal. At first sight, however, its application to 
reality seems to fail quantitatively. For the unification of quantum numbers, 
though attractive, remains purely formal until it is embedded in a physical 
model. To do that, one must realize the enhanced symmetry in a local gauge 
theory. But nonabelian gauge symmetry requires universality. The SO(10) 
symmetry requires that the relative strengths of the SU(3) x SU(2) x U(1) 
couplings must be equal, which is not what’s observed. 

Fortunately, there is a compelling way to save the situation. If the 
higher symmetry is broken at a large energy scale (equivalently, a small 
distance scale), then we observe interactions at smaller energies (larger dis- 
tances) whose intrinsic strength has been affected by the physics of vacuum 
polarization, and those distorted couplings need not be equal. The running 
of couplings is an effect that can be calculated rather precisely, in favorable 
cases (basically, for weak coupling). Given a definite hypothesis about the 
particle spectrum, we get a definite prediction for the distortion of cou- 
plings, which we can compare with observation. In this way we can test, 
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c + + N.B.: One hand rules them all! 


Hypercharge Y = -1/6(R+W+B) + 1/4(G+P) 


Fig. 13.4. The extended symmetry S'O(10) incorporates SU(3) x SU(2) x U(1) asa 
subgroup. The five disparate fermion representations of the standard model gauge sector 
are united within a single internal-space spinor 16. The spinor contains one additional 
degree of freedom, which plays an important role in the theory of neutrino masses. 
Hypercharge assignments are now related to weak and strong color charges. 


quantitatively, the idea that the observed couplings derive from a single 
unified value. 

Results from these calculations are tantalizing. If we include vacuum 
polarization from the particles we know about in the minimal standard 
model, we find approximate unification [3]. This is displayed in Fig. 13.5. 

Though the general trends are encouraging, the different couplings do 
not become equal within the experimental uncertainty. Were we to follow 
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Fig. 13.5. Running of couplings, taking into account vacuum polarization due to stan- 
dard model fields. The width of the lines indicates the uncertainty in the measured 
values. 


the philosophy of Sir Karl Popper, according to which the goal of science 
is to produce falsifiable theories, we could at this point declare victory. 
For we turned the idea of unification of charge, schematically indicated in 
Fig. 13.6, into a theory that was not merely falsifiable, but actually false. 


13.3.3. Unification 9 SUSY 


Our response is quite different: we are not satisfied with the hollow victory 
of falsification. Having a beautiful idea that nearly succeeds, we look to 
improve it, by finding a still more beautiful version that works in detail. 
We seek truthification. 

There is a possibility of another kind of symmetry, supersymmetry 
(SUSY), that enables further unification in the other direction, as indicated 
schematically in Fig. 13.7. 

If we include vacuum polarization from the particles needed to expand 
the standard model to include supersymmetry, softly broken at the TeV 
scale, we find accurate unification [4], as shown in Fig. 13.8. 

Within this circle of ideas, called “low-energy supersymmetry,” we pre- 
dict the existence of a whole new world of particles with masses in the TeV 
range. There must be supersymmetric partners of all the presently known 
particles, each having the same quantum numbers as known analogue but 
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electron A quarks 


photon <—_ gluons 


Fig. 13.6. Schematic indication of the unification of charge. Gauge particles, notably in- 
cluding photons and gluons, are unified within a common representation, as are fermions, 
notably including electrons and quarks. 
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Fig. 13.7. Schematic indication of unification including SUSY. Now particles of different 
spins fall into common multiplets. 


differing in spin by E, and of course with different mass. Thus there are 
spin-4 gauginos, including gluino partners of QCD’s color gluons and wino, 
zino, and photino partners of W, Z, y, spin-0 squarks and sleptons, and more 
(Higgsinos, gravitinos, axinos). Some of these particles ought to become 
accessible as the Large Hadron Collider (LHC) comes into operation. 
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Fig. 13.8. Running of couplings, taking into account vacuum polarization due to all the 
fields involved in the minimal extension of the standard model to include supersymmetry, 
starting at a mass scale ~ 1 GeV. The width of the lines indicates the uncertainty in the 
measured values. Gravity runs classically. It is ridiculously small at accessible scales, 
but we extrapolate to its (rough) equality with the other interactions at a common 
unification scale. 


On the other hand, many proposals for physics beyond the standard 
model at the TeV scale (Technicolor models, large extra dimension scenar- 
ios, generic brane-world scenarios) corrupt the foundations of the unifica- 
tion of couplings calculation, and would render its success accidental. 


13.3.3.1. Importance of the emergent scale 


The unification occurs at a very large energy scale Mynification, of order 101° 
GeV. This success is robust against small changes in the SUSY breaking 
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scale, and is not adversely affected by incorporation of additional particle 
multiplets, so long as they form complete representations of SU(5). 

Running of the couplings allows us to infer, based entirely on low-energy 
data, an enormously large new mass scale, the scale at which unification 
occurs. The disparity of scales arises from the slow (logarithmic) running 
of inverse couplings, which implies that modest differences in observed cou- 
plings must be made up by a long interval of running. 

The appearance of a very large mass scale is profound, and welcome on 
several grounds: 


e Earlier we discussed the accommodation of neutrino masses and mixings 

within the standard model, through use of nonrenormalizable couplings. 
With unification, we can realize those couplings as low-energy approxi- 
mations to more basic couplings that have better high-energy behavior, 
analogous to the passage from the Fermi theory to modern electroweak 
theory. 
Indeed, right-handed neutrinos can have normal, dimension-four Yukawa 
couplings to the lepton doublet. In SO(10) such couplings are pretty 
much mandatory, since they are related by symmetry to those responsi- 
ble for charge-3 quark masses. In addition, since right-handed neutrinos 
are neutral under SU(3) x SU(2) x U(1) they, unlike the fermions of the 
standard model, can have a Majorana type self-mass without violating 
those low-energy symmetries. We might expect the self-mass to arise 
where it is first allowed, at the scale where SO(10) breaks (or, in other 
models of unification, its moral equivalent). Masses of that magnitude re- 
move the right-handed neutrinos from the accessible spectrum, but they 
have an important indirect effect. In second-order perturbation theory 
the ordinary left-handed neutrinos, through their ordinary Yukawa cou- 
plings, make virtual transitions to their right-handed relatives and back. 
(Alternatively, one substitutes 


1 1 
——— a l 
p- Mor —M, 


VR 


(13.2) 


in the appropriate propagator.) This generates non-zero masses for the 
ordinary neutrinos that are much smaller than the masses of other leptons 
and quarks. 

The masses predicted in this way are broadly consistent with the tiny 
observed neutrino masses. That is, the mass scale associated with the 
effective nonrenormalizable coupling, that we identified earlier, roughly 
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coincides with the unification scale deduced from coupling constant uni- 
fication. Many, though certainly not all, concrete models of SO(10) uni- 
fication predict Mi, ~ Munification. No more than order-of-magnitude 
success can be claimed, because relevant details of the models are poorly 
determined. 

Unification tends to obliterate the distinction between quarks and lep- 
tons, and hence to open up the possibility of proton decay. Heroic exper- 
iments to observe this process have so far come up empty, with limits on 
partial lifetimes approaching 1034 years for some channels. It is very dif- 
ficult to assure that these processes are sufficiently suppressed, unless the 
unification scale is very large. Even the high scale indicated by running 
of couplings and neutrino masses is barely adequate. Interpreting this 
state of affairs positively, we reckon that experiments to search for pro- 
ton decay remain a most important and promising probe into unification 
physics. 

Similarly, it is difficult to avoid the idea that unification brings in new 
connections among the different families. Experimental constraints on 
strangeness-changing neutral currents and lepton number violation are 
especially stringent. These and other exotic processes that must be sup- 
pressed, and that makes a high scale welcome. 

Axion physics requires a high scale of Peccei-Quinn (PQ) symmetry 
breaking, in order to implement weakly coupled, “invisible” axion mod- 
els. (See below.) Existing observations only bound the PQ scale from 
below, roughly as Mpo > 10° GeV. Again, a high scale is welcome. 
Indeed many, though certainly not all, concrete models of PQ symmetry 
suggest Mpo mog Munification- 

The unification of electroweak interactions with gravity becomes much 


2 so it runs even 


more plausible. Newton’s constant has units of mass— 
classically. Or, to put it less technically, because gravity responds directly 
to energy-momentum, gravity appears stronger to shorter-wavelength, 
higher-energy probes. 

Because gravity starts out extremely feeble compared to other interac- 
tions on laboratory scales, it becomes roughly equipotent with them only 
at enormously high scales, comparable to the Planck energy ~ 1018 GeV. 
This is not so different from Mynification. That numerical coincidence 
might be a fluke; but it’s prettier to think that it betokens the descent 
of all these interactions from a common source. Note that all these cou- 
plings have closely similar geometric interpretations, as measures of the 
resistance of fields (gauge or metric) to curvature. 
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13.3.4. SUSY as calibration 


If low-energy supersymmetry is a feature of our world, several of its particles 
will be discovered at the LHC. That would, of course, be a great discovery 
in itself. As we’ve seen, it would also be a most encouraging vindication 
of compelling suggestions for unification of the laws of physics, and for 
the bold extrapolation of the laws of quantum mechanics and relativity far 
beyond their empirical origins. 

But tomorrow’s sensation is the day-after-tomorrow’s calibration, and 
we can look forward to using the super-world as a tool for further explo- 
ration: 

e Some superpartner masses and couplings should, like the gauge couplings, 
derive from unified values distorted in calculable ways by vacuum polar- 
ization. See Fig. 13.9 and [5]. Pursuing these relations could grow the 
“one-off” success of unification of gauge couplings into a thriving ecology. 

e There is currently no consensus regarding the mechanism of supersym- 
metry breaking. It is a vast and unsettled subject, that I will not engage 
seriously here. But as Fig. 13.10 indicates, the leading ideas about the 
mechanism of SUSY breaking invoke exciting new physics, and predict 
distinctive signatures. 

e Many model implementations of low-energy supersymmetry include a 
particle that is extremely long-lived, interacts very feebly with ordinary 
matter, and is abundantly produced as a relic of the big bang. Such a 
particle is a candidate to provide the dark matter that astronomers have 
observed. This aspect deserves, and will now receive, a section of its own. 


13.4. Dark Matter 


13.4.1. Dark matter from supersymmetry 


The multiplicative quantum number R = (—1)?2+4+?5, where B, L, and 
S are baryon number, lepton number, and spin respectively, is +1 for all 
standard model particles, and will be —1 for their superpartners. Since 
B,L and S are to a very good approximation conserved, one expects that 
R parity is to a very good approximation conserved. Therefore the lightest 
R-odd particle is likely to be highly stable. In many models of low-energy 
supersymmetry — though, as we’ll discuss shortly, by no means all — this 
particle is stable on cosmological scales. 

Given a detailed model of low-energy supersymmetry, we can calculate 
the thermal history of the universe through the big bang, and estimate the 
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Fig. 13.9. Many models of low-energy supersymmetry incorporate sources of mass, or 
couplings, that are constrained by the unified gauge symmetry. The logic of running 
gauge couplings likewise predicts numerical relations among the observed values of these 
masses and couplings. 


surviving relic density of cosmologically stable particles. Over a healthy 
range of parameters, the lightest R odd particle is produced roughly in 
the right abundance to provide the dark matter, and also has the required 
property of interacting very feebly with ordinary matter. This is illustrated 
in Fig. 13.11. 


13.4.2. “Mission accomplished” ? 


It is all too easy to extrapolate a desired result from encouraging prelimi- 
nary data. 
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Fig. 13.10. Leading speculations about SUSY breaking invoke profound extensions of 
the known laws of physics. They also predict distinctive spectra. From [6]; see also [7]. 


If low-energy supersymmetry and a dark matter candidate are discov- 
ered at the LHC, it will be a great enterprise to check whether the detailed 
properties of the particle, processed through the big bang, lead to the ob- 
served dark matter density. That check is by no means a formality, because 
there are live, theoretically attractive alternatives to having the lightest R- 
parity odd particle observed at the LHC supply the cosmological density. 
Both “too much” and “too little” SUSY dark matter are consistent with 
well-motivated, important physical ideas, as I will now explain. 


13.4.2.1. Too much? — Superwimps 


There is a vast gap between decay lifetimes that can be detected at LHC 
and the age of the universe. Thus a particle could appear to be stable at 
the LHC, and calculated to be abundant in the present universe, but absent 
in reality, because it decays on sub-cosmological time scales. 


Anticipating a New Golden Age 249 


600 


500 


0 500 1000 1500 2000 2500 
Mo (GeV) 


Fig. 13.11. Many model implementations of low-energy supersymmetry produce a dark 
matter candidate. Here, from Ref. [8], is displayed the production of cosmologically 
stable particles in minimal supergravity-mediated models with tan 8 = 10 and a range 
of universal scalar and gaugino masses mo, m i The green region is ruled out because the 


stable particle is electrically charged, while in the upper white region it is overproduced 
and in the lower right region production is cosmologically negligible. In the yellow 
region there is a cosmologically interesting contribution to the dark matter, and in the 
blue region a dominant contribution. See Ref. [8] for more details, and immediately 
below for some qualifications. 


That possibility is not as bizarre or contrived as it might sound at first 
hearing, for the following reason. Superpartners of extremely feebly inter- 
acting particles, such as gravitinos or axinos, couple so feebly to ordinary 
matter that they are not accessible to observation at the LHC. Yet they 
have odd R-parity. Thus the lightest observed R-odd particle might well 
decay into a lighter unobserved R-odd particle with a lifetime that falls 
within the gap. Since there is no good argument that the lightest stan- 
dard model superpartner must be lighter than gravitinos, axinos, or other 
possible “hidden sector” particles (see below), this is a very much a live 
possibility. 

So if the dark matter candidate observed at the LHC appears to provide 
too much dark matter, or if it is electrically charged or otherwise cosmo- 
logically dangerous, a plausible interpretation is available. 
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13.4.2.2. Too little? — Azxions 


Given its extensive symmetry and the tight structure of relativistic quantum 
field theory, the definition of QCD only requires, and only permits, a very 
restricted set of parameters — the quark masses, a coupling parameter, and 
one more, the 0 parameter. Physical results depend periodically upon 6, 
so that effectively it can take values between +7. The discrete symmetries 
P and T are violated unless 6 = 0 (mod 7). We don’t know the actual 
value of the 6 parameter, but only a limit, || < 107°. Values outside 
this small range are excluded by experimental results, principally the tight 
bound on the electric dipole moment of the neutron. Since there are P and 
T violating interactions in the world, the 0 parameter can’t be set to zero 
by any strict symmetry. So understanding its smallness is a challenge — 


and an opportunity. 

Peccei and Quinn discovered that if one imposed a certain asymptotic 
symmetry, and if that symmetry is broken spontaneously, then an effective 
value 0 ~ 0 results. Weinberg and I explained that the approach 0 — 0 
could be understood as a relaxation process, whereby a very light field, 
corresponding quite directly to 6, settles into its minimum energy state. 
This is the axion field, and its quanta are called axions. 

The phenomenology of axions is essentially controlled by one parameter, 
F, with dimensions of mass. It is the scale at which Peccei-Quinn symmetry 
breaks. 

Axions, if they exist, have major cosmological implications, as I will now 
explain briefly. Peccei-Quinn symmetry is unbroken at temperatures T >> 
F. When this symmetry breaks the initial value of the order parameter’s 
phase is random beyond the then-current horizon scale. One can analyze 
the fate of these fluctuations by solving the equations for a scalar field in 
an expanding Universe. 

The main general results are as follows. There is an effective cosmic 
viscosity, which keeps the field frozen so long as the Hubble parameter 
H= R/ R `> m, where R is the expansion factor and m the axion mass. In 
the opposite limit H « m the field undergoes lightly damped oscillations, 
which result in an energy density that decays as p x 1/ R3. Which is to say, 
a comoving volume contains a fixed mass. The field can be regarded as a gas 
of nonrelativistic particles in a coherent state, i.e. a Bose-Einstein conden- 
sate. There is some additional damping at intermediate stages. Roughly 
speaking we may say that the axion field, or any scalar field in a classical 
regime, behaves as an effective cosmological term for H >> m and as cold 
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dark matter for H < m. Inhomogeneous perturbations are frozen in while 
their length-scale exceeds 1/H, the scale of the apparent horizon, then get 
damped as they enter the horizon. 

If we ignore the possibility of inflation, then there is a unique result 
for the cosmic axion density, given the microscopic model. The criterion 
H ~ m is satisfied for T ~ 4/ Elac Agop. At this point (and even more 
so at present) the horizon-volume contains many horizon-volumes from the 
Peccei-Quinn scale, but it still contains only a negligible amount of energy 
by contemporary cosmological standards. Thus in comparing to current 
observations, it is appropriate to average over the starting amplitude a/F 
statistically. If we don’t fix the baryon-to-photon ratio, but instead de- 
mand spatial flatness, as inflation suggests we should, then F ~ 101? GeV 
correspond to the observed dark matter density, while for F > 10!? GeV 
we get too much, and the relative baryon density we infer is smaller than 
what we observe. 

If inflation occurs before the Peccei-Quinn transition, this analysis re- 
mains valid. But if inflation occurs after the transition, things are quite 
different. 

For if inflation occurs after the transition, then the patches where a is 
approximately homogeneous get magnified to enormous size. Each one is 
far larger than the presently observable Universe. The observable Universe 
no longer contains a fair statistical sample of a/F, but some particular 
“accidental” value. Of course there is a larger region, which Martin Rees 
calls the Multiverse, over which the value varies, but we sample only a small 
part of it. 

Now if F > 10!* GeV, we could still be consistent with cosmological 
constraints on the axion density, so long as the starting amplitude satisfies 
(a/F)? ~ (10% GeV)/F. The actual value of a/F, which controls a crucial 
regularity of the observable Universe, the dark matter density, is contingent 
in a very strong sense. Indeed, it takes on other values at other locations 
in the multiverse. 

Within this scenario, the anthropic principle is demonstrably correct 
and appropriate [9]. Regions having large values of a/F, in which axions 
by far dominate baryons, seem likely to prove inhospitable for the develop- 
ment of complex structures. Axions themselves are weakly interacting and 
essentially dissipationless, and they dilute the baryons, so that these too 
stay dispersed. In principle laboratory experiments could discover axions 
with F > 10!? GeV. If they did, we would have to conclude that the vast 
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Fig. 13.12. In post-inflationary axion cosmology, the ratio of axion dark density to 
ordinary baryonic density varies over very large scales, and is subject to selection effects. 
The prior is determined, as is the microphysics, so it is possible to take these effects into 
account with some semblance of rationality [10]. One finds that the dark matter density 
we actually observe is remarkably close to the most probable value. 


bulk of the Multiverse is inhospitable to intelligent life. And we’d be forced 
to appeal to the anthropic principle to understand the anomalously modest 
axion density in our Universe. 

Though experiment does not make it compulsory, we are free to ana- 
lyze the cosmological consequences of F >> 10! GeV. Recently Tegmark, 
Aguirre, Rees and I carried out such an analysis [10]. We concluded that al- 
though the overwhelming volume of the Multiverse contains a much higher 
ratio of dark matter, in the form of axions, from what we observe, the 
typical observer is likely to see a ratio similar to what we observe. See 
Fig. 13.12. 

This post-inflationary axion cosmology is attractive in many ways. It 
avoids the annoying axion string problem of traditional axion cosmology. 
It relieves us of the necessity of bringing in a new scale: now F could be 
the unification scale, or the Planck scale. It has a potential cosmological 
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signature, accessible in upcoming microwave background anisotropy mea- 
surements, as it provides a plausible source for isocurvature fluctuations 
that are larger in amplitude than gravitational wave fluctuations [11]. 
And post-inflationary axion cosmology will happily generate the right 
amount of cosmological dark matter for us, if low-energy SUSY provides 
too little. So if the dark matter candidate observed at the LHC appears to 
provide too little dark matter, and in particular if the lightest appreciably 
coupled R-odd particle decays into light species or into ordinary matter at 
a faster-than-cosmological rate, a plausible alternative source is available. 


13.5. Hidden Sectors and Portals 


13.5.1. Might the LHC see nothing? 


Let me begin the discussion of hidden sectors in what I trust will be a 
provocative way, with that question. The usual answer is “No, the LHC 
must discover new particles or new strong interactions in the vacuum chan- 
nel, in order to avoid a crisis in quantum mechanics (loss of unitarity).” 
The correct answer, however, is “Yes,” as Pll now demonstrate. 


13.5.1.1. Division and dilution 


Consider, to begin, adding to the standard model a singlet real scalar 
“phantom” field 7. All the couplings of gauge fields to fermions, and of both 
to the Higgs field, remain as they were in the original standard model. This 
is enforced by gauge symmetry and renormalizability. The Higgs potential 
is modified, however, to read 


Vid.n) = -mió o+ Alte)? — won? + Ant — roton . (13.3) 


The only communication between 7 and the standard model consistent with 
general principles is this « coupling to the Higgs field. 

The upshot of this simple cross-coupling is that when ¢@ and 7 acquire 
vacuum expectation values, the mass eigenstates (i.e., the observable parti- 
cles) are created by mixtures of the conventional Higgs field and the phan- 
tom field. The phantom component contributes nothing to the amplitude 
for production from conventional particles sources, i.e. quarks and gluons. 
Thus the same overall production rate of Higgs particle is now divided be- 
tween two lines. Instead of finding a signal-to-noise ratio S/N = 2, for the 
same exposure you'll get two channels with S/N = 1, which is not as good. 
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Of course, it’s easy to generalize this model. With more phantom fields, 
one has more division of strength. And whereas 1 5ø signal is a discovery, 
as a practical matter 5 independent 1 ø signals are worthless. 

It gets worse. The phantoms might actually be the “Higgs fields” of 
an entire new sector, that has its own gauge fields and matter. Then the 
Higgs-phantom mixtures might also decay into particles of the new sector, 
which are effectively invisible. So not only is production divided, but also 
decay is diluted. 

These effects of division and dilution could easily render the Higgs sector 
effectively invisible, whilst barely affecting any other aspect of phenomeno- 
logy. 

The good news: If we start from the minimal standard model, which 
contains just a single Higgs doublet field — and thus, after electroweak 
symmetry breaking, just a single neutral scalar — the Higgs portal might be 
quite challenging to exploit. Given a richer Higgs sector, including charged 
fields (as in low-energy SUSY), or more if “Higgs particles” appear as decay 
products of particles that are more identifiable, it could be much easier. In 
any case, a new world would be open to exploration. 


13.5.1.2. An example: Mass from quantum mechanics 


Let us add, in the spirit of counting, an SU(4) symmetry to the standard 
model, so that the gauge group becomes 


G = SU(4) x SU(3) x SU(2) x U(1). 


In the spirit of coupling unification, we suppose that SU (4) is a super-strong 
interaction. It can support spontaneous chiral symmetry breaking, which 
we represent by some sort of o model. In the simplest version the new ë 
field is a 4-component vector; but it could also be some more elaborate 
matrix. Assuming all the fields charged under SU(4) are SU(3) x SU(2) x 
U(1) singlets, the important modification to the standard model will come 
through a modified effective potential, generalizing Eq. (13.3): 


Vid.n) = —Hidlo + (old)? — 436? + AlS — noioa. (13.4) 


The « coupling will induce mixing, as before. The non-Goldstone field 
do, that encodes the magnitude of ð, will decay into the massless phantom 
Nambu-Goldstone “pions.” So we get dilution, as well. 

It is entertaining to imagine u? = 0. Then we have an underlying 
model in which there is no classical mass parameter anywhere. Electroweak 
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symmetry breaking is induced from nonperturbative, intrinsically quantum- 
mechanical chiral symmetry breaking in the phantom sector, through the 
cross-coupling «. In this indirect way we implement the vision that inspires 
technicolor models, while avoiding the usual phenomenological difficulties 
of such models. Those difficulties arise because the new strongly interacting 
sector is not hidden (that is, if it does not consist of SU(3) x SU(2) x U(1) 
singlets), and more specifically because the super-strong condensate itself 
breaks SU(2) x U(1). 


13.5.2. Motivations for hidden sectors 


The two little models we’ve discussed are not uninteresting in themselves. 
Moreover, they illustrate possibilities that are more broadly motivated. 
Here are some other reasons to consider the possibility of hidden sectors 
seriously: 


Hippocratic oath: At the opening of their Hippocratic Oath, prospec- 
tive doctors promise to “abstain from whatever is deleterious and mis- 
chievous.” Hidden SU(3) x SU(2) x U(1) singlet sectors, unlike many 
other speculative extensions of the standard model, do little harm. They 
do not spoil the successful unification of couplings, nor do they open a 
Pandora’s box of flavor violation. 

Stacks and throats: In string theory, hidden sectors easily arise from far- 
away (in the extra dimensions) stacks of D-branes or orbifold points. The 
original Eg x Eg heterotic string contains an early incarnation of a hidden 
sector. 

Plays well with SUSY: Hidden sectors are invoked in several mecha- 
nisms of SUSY breaking. And the next-to-minimal supersymmetric 
standard model (NMSSM), which introduces an extra SU(3) x SU(2) x 
U(1) singlet chiral superfield, has been advocated on phenomenological 
grounds. It eases some “naturality” problems. 

Flavor and axions: It is tempting to think that the complicated pattern 
of quark and lepton masses and mixings reflects a complicated solution to 
simpler basic equations; specifically, that the more fundamental equations 
have a flavor symmetry, which is spontaneously broken. Phenomenology 
seems to require that flavor-symmetry breaking dynamics occurs at a 
high mass scale. Therefore the order parameter fields must be SU(3) x 
SU(2) x U(1) singlets, and they constitute a hidden sector in our sense. 
Axion physics embodies this idea in a compelling way for one aspect of 
the quark mass matrix, i.e. its overall phase. 
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13.5.3. Bringing method to the madness 


Possible forms of communication between hidden sectors can be considered 
more abstractly, in the style of effective field theory. We seek low-dimension 
operators suitable for inclusion in the world-Lagrangian that contain both 
standard model and hidden sector fields. We assume these operators must 
be gauge and Lorentz invariant. The simplest cases correspond to coupling 


; 3, or 1 hidden sector fields, building up dimension 4: 


in spin 0 
Spin 1: An SU(3) x SU(2) x U(1) vector V” can couple in three differ- 
ent ways to make a dimension 4 invariant operators. It can couple to 
fermion fu f currents. This possibility has been much discussed under 
the rubric “Z’ bosons.” It can 1 couple to the hypercharge gauge curva- 
ture Buv through the current 0”B,,. This gives “kinetic mixing.” (It 
might also couple through the dual current 0” Bu, to give a form of 6- 
parameter mixing, but this appears to be of little consequence.) Finally, 
V¥ might couple in through the Higgs field, appearing within the co- 
variant derivative in (V’¢')(VL@¢). As the Higgs field condenses, this 
leads to mixing between V” and standard model gauge bosons at the 
level of mass eigenstates. In general, in both kinetic and mass mixing, 
the hidden sector particles will acquire electric charges that need not 
be commensurate with the familiar unit (and presumably must be much 


smaller). 
Spin 4: An SU(3)x SU(2) xU(1) spin-$ fermion € can make a dimension 4 


invariant operator by coupling in to the dimension 3 singlet t L, where L 
is a left-handed lepton doublet. If such an interaction occurs with a very 


small coefficient, it leads to a massive Dirac neutrino; if the coefficient is 
moderate, but € has a large intrinsic mass, we integrate out € to get the 
familiar see-saw mechanism to generate small physical neutrino masses. 

Spin 0: An SU(3) x SU(2) x U(1) spin- spin 0 particle can couple in 
through the dimension 2 singlet ¢'¢. This opens the Higgs portal to the 
hidden sector, as we discussed above. 


Evidently this framework helps to organize several old ideas, and puts 
the Higgs portal idea in proper context. 
13.6. Summary and Conclusions 


With the LHC, we will expand the frontiers of fundamental physics. 
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e We will learn, through a tour de force of physics, what makes empty 
space function as a cosmic superconductor. 
e We will learn whether existing indications for unification and supersym- 


metry have been Nature teaching us or Nature teasing us. 


e If indeed the superworld opens up, it will probably supply a good candi- 
date for the dark matter. It will then be a great enterprise to establish 
or disprove that candidate. 

e Hidden sectors are entirely possible. They could complicate things in the 


short run, but would teach us even more in the long run. 


It will lead to a new Golden Age, that could also be enriched by discov- 


eries in precision low-energy physics (elementary electric dipole moments), 
rare processes (proton decay), and cosmology (primordial isocurvature or 
gravitational wave fluctuations). 
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Strongly interacting theories of electroweak (EW) symmetry breaking 
provide an elegant solution to the hierarchy problem. In these models 
the EW symmetry can either be broken without a Higgs or by means 
of a composite Higgs boson. These scenarios have been recently investi- 
gated in the framework of 5-dimensional warped models that, according 
to the AdS/CFT correspondence, have a 4-dimensional holographic in- 
terpretation in terms of strongly coupled field theories. We describe the 
minimal Higgsless and composite Higgs model and show how they can 
successfully pass all the electroweak precision tests and solve the flavor 
problems. We explore the implications of these models at the LHC. 


14.1. Introduction 


Introducing a Higgs boson is a simple and economical way to break spon- 
taneously the electroweak gauge symmetry of the Standard Model (SM) * 
and cure the bad high-energy behaviour of its scattering amplitudes, thus 
allowing one to extrapolate the theory up to very high energies. It is hard 
to believe that Nature is not using such a simple mechanism to give us 
a UV-completed theory of electroweak interactions. Nevertheless, natural- 
ness criteria suggest that the Higgs mechanism is unlikely to be just the last 
ingredient to be incorporated in the SM at the electroweak scale. Why the 
Higgs mass, which determines the scale of electroweak symmetry breaking, 
is so small compared to the Planck scale? 

@Tn this chapter we will refer as SM only the fermion and gauge sector (the only particles 


discovered so far). Therefore the Higgs will not be included in our definition of SM 
particles. 
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To answer this question dynamically one must postulate new physics, 
such as supersymmetry , and hence new particles around the TeV, making 
the simplicity of the Higgs mechanism for UV-completing the SM just a the- 
oretical curiosity. At this point, one might think that there is no need for 
the Higgs particle, and look for other ways to unitarize the SM scattering 
amplitudes. An example can be found in QCD, where pion-pion scattering 
is unitarized by the additional resonances that arise from the SU(3), strong 
dynamics. A replica of QCD at energies ~ TeV that breaks the EW sym- 
metry can then be an alternative for a UV-completion of the SM. This is 
the so-called Technicolor model [1] (TC). In TC there is no Higgs particle 
and the SM scattering amplitudes are unitarized, as in QCD, by infinite 
heavy resonances. One of the main obstacle to implement this approach 
has arisen from electroweak precision tests (EWPT) that has disfavored 
this type of models. The reason has been the following. Without a Higgs, 
we expect the new particles responsible for unitarizing the SM amplitudes 
to have a mass at around 1 TeV. These same resonances give large tree-level 
contributions to the electroweak observables. 

There has been two different alternatives to overcome this problem. 
Either one assumes that (1) there are extra contributions to the electroweak 
observables that make the model consistent with the experimental data, or 
(2) assumes that the strong sector does not break the EW symmetry but 
it just deliver a composite pseudo-Goldstone scalar, the Higgs. This Higgs 
gets a potential at the one-loop level and triggers EWSB at lower energies. 

In the first case, the Higgsless approach, EWPT are satisfied thanks to 
additional contributions to the electroweak observables that can come from 
extra scalars or fermions of the TC model [2], or from vertex corrections. 
As we will see, the cancellations needed to pass the EWPT are not large, 
making this possibility not so unconceivable. 

In the second case, the Higgs plays the role of partly unitarizing the SM 
scattering amplitudes. Compared to theories without a Higgs, we will have 
now that the scale at which new dynamics is needed can be delayed, and 
therefore the extra resonances that ultimately unitarize the SM amplitudes 
can be heavier. In this case EWPT will be under control. This is the 
approach of the composite Higgs models, first considered by Georgi and 
Kaplan [3]. In these theories a light Higgs arises as a Pseudo-Goldstone 
boson (PGB) of a strongly interacting theory, in a very similar way as 
pions in QCD. 

Although these scenarios offer an interesting completion of the SM, the 
difficulty to calculate within strongly coupled theories has been a deterrent 


Strongly Interacting Electroweak Theories and Their 5D Analogs at the LHC 261 


from fully exploring them. Nevertheless, the situation has changed in the 
last years. Inspired by the AdS/CFT correspondence [4], a new approach 
to build realistic and predictive Higgsless and composite Higgs models has 
been developed. The AdS/CFT correspondence states that weakly coupled 
five-dimensional theories in Anti-de-Sitter (AdS) have a 4D holographic de- 
scription in terms of strongly coupled conformal field theories (CFT). Such 
correspondence gives a definite prescription on how to construct 5D theo- 
ries that have the same physical behaviour and symmetries of the desired 
strongly coupled 4D theory. This has allowed to propose concrete Higgs- 
less [5-7] and composite Higgs [8-10] models that not only are consistent 
with the experimental constraints, but also give clear predictions for the 
physics at the LHC. 

In this chapter we will proceed in the following way. In Sec. 14.2 we 
will discuss the Higgsless approach. We will first introduce the original TC 
model and show its main problems. Next, we will describe a 5D Higgsless 
model with similar properties of the TC model but with the advantage of 
calculability. This will help to discuss possible solutions to the TC prob- 
lems. In Sec. 14.3 we will analyze the composite Higgs idea, focusing in a 
realistic 5D example. Finally, in Sec. 14.4 we will study the implications of 
these models at the LHC. 


14.2. Higgsless Models 


14.2.1. The original technicolor model. Achievements 
and pitfalls 


Technicolor models [1] of EWSB consists of a new strong gauge sector, 
SU(N) or SO(N), that it is assumed to confine at a low-scale rr ~ TeV. 
In addition, the model contains (at least) two flavors of techni-quarks T iD 
on transforming in the fundamental representation of the strong group 
and as ordinary quarks under the EW group. As it occurs in QCD, this 
implies that the strong sector has a global G =SU(2), xSU(2)rxU(1)x 
symmetry under which Ty!” transforms as a (2,1) Je and Ty transforms 
as a (1, 2)1/¢ (the hypercharge is given by Y = Tj'+X). Assuming that the 
TC-quarks condensate, (IT; Tr) ~ 3p, the global symmetry of the strong 
sector G is broken down to H =SU(2)y xU(1)x. The EW symmetry is then 
broken given mass to the SM gauge boson. Fermion masses are assumed to 
arise from higher-dimensional operators such as ĝu RTRT, /M 2 that can be 
induced from an extended heavy gauge sector (ETC). After the TC-quark 
condensation, SM fermions get masses my, ~ U7 p/M?. 


262 A. Pomarol 


If the number of colors N of the TC group is large enough, the strong 
sector can be described by an infinite number of resonances [11]. The 
masses and couplings of the resonances depend on the model. Neverthe- 
less, as in QCD, we can expect vector resonances transforming as a triplet 
of SU(2)v; the TC-rho of mass mp ~ urr. In order to see the implica- 
tions of these resonances on the SM observables, it is useful to write the 
low-energy Lagrangian of the SM fields obtained after integrating out the 
strong sector (the equivalent of the QCD chiral Lagrangian). It is conve- 
nient to express this Lagrangian in a SU(2)z xSU(2)rxU(1) x-symmetric 
way. To do so, we promote the elementary SM fields to fill complete repre- 
sentations of SU(2),xSU(2)rxU(1)x. For the bosonic sector, this means 
to introduce extra non-dynamical vectors, i.e. spurions, to complete the 
corresponding adjoint representations We, Wi and B,. Having the Gold- 
stone multiplet U parametrizing the coset SU(2);xSU(2)r/SU(2)y, the 
bosonic low-energy Lagrangian is given by 


1 
pies ARAJN i I twk uwet] Eia (14.1) 
p 


where D,U = 0,U + iWLU a iUWR and fr is the analog of the pion 
decay constant that scales as fe ~ VN/(4m) x mp [11]. In Eq. (14.1) we 
have omitted terms of order (DU)* that do not contribute to the SM gauge 
boson self-energies, and terms of order f?D?/m4 that are subleading for 
physics at energies below m,. The cg is an order one coefficient that in 
QCD takes the value cs = Liom?/ fz ~ —0.4. The mass of the SM W 
arises from the kinetic term of U that gives M?, = g?f?/4 from which we 
can deduce 


fr ~ 246 GeV and = m,~2)4/ TeV. (14.2) 


14.2.1.1. Flavour changing neutral current (FCNC) and 
the top mass 


If the SM fermion masses arise from an ETC sector that generate the 
operator ĝi uf TrRTL/M?, this sector also will generate FCNC of order 
Tuhi uh/M? that are larger than experimentally allowed. Also the top 
mass is too large to be generated from a higher dimensional operator. So- 
lutions to these problems have been proposed [12]. Nevertheless most of 
the solutions cannot successfully pass the electroweak precision tests. 
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14.2.1.2. Electroweak precision tests 


The most important corrections to the electroweak observables coming 
from TC-like models are universal corrections to the SM gauge boson self- 
energies, Il;;(p), and non-universal corrections to Zbb, ôgb/gbè. The uni- 
versal corrections to the SM gauge bosons can be parametrized by four 
quantities: S ; T , W and Y [13]. The first two, the only relevant ones for 
TC models [14], are defined as 


R g 
S= g’ Wy, p(0) , T= M2 (Uw, w; (0) = Iw+w-(0)] (14.3) 
W 
From the Lagrangian Eq. (14.1) only S is generated giving a contribution 
x 2 N 
= —g8°cs = x 2.3 -107° | = 14.4 
S g“cs m2 3-10 a}? (14.4) 


where we have extracted the result from QCD. Extra contributions to S , 
beyond those of the SM, are constrained by the experimental data. They 
must be smaller than ? $ < 2-1078 at 99% CL. We see that the contribution 
Eq. (14.4) is at the edge of the allowed value. Models with N larger than 3 
or with an extra generation of TC-quarks, needed for realistic constructions 
(ETC models), are therefore ruled out. The bound S$ < 2-107 can be satu- 
rated only if T receive extra positive contributions ~ 5-107? beyond those 
of the SM. Although the custodial SU(2)y symmetry of the TC models 
guarantees the vanishing of the TC contributions to the T -parameter, one- 
loop contributions involving both the top and the TC sector are nonzero. 
Nevertheless, in strongly interacting theories we cannot reliably calculate 
these contributions and know whether they give the right amount to T. 

As we said before, the generation of a top mass around the experimental 
value is difficult to achieve in TC models and requires new strong dynam- 
ics beyond the original sector [12]. Even if a large enough top mass is 
generated, an extra difficulty arises from Zbb. On dimensional grounds, as- 
suming that tz r couples with equal strength to the TC sector responsible 
for EWSB, we have the estimate dgy/g, ~ mi/m, Z 0.07 that overwhelms 
the experimental bound |6g,/g,| < 5-1073. Similar conclusions are reached 
even if tz r couples with different strength to the TC sector [9]. Only a 
custodial O(3) symmetry in the top sector seems to avoid this problem [15] 
(see below), but no TC model with this symmetry has been constructed so 
far. 


bSince TC models do not have a Higgs, we are taking the result of Ref. [13] for my ~ 1 
TeV. 
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It is clear that although TC models are plague with phenomenological 
problems, the main obstacle that stops us from making progress is the lack 
of predictability in strongly coupled theories. 


14.2.2. 5D Higgsless models 


Five-dimensional models can give rise to predictive Higgsless scenarios [5-7]. 
We will concentrate in AdSs; geometries since they also give an explanation 
to the Mp; — Mw hierarchy [16]. © The 5D spacetime metric will be given 
by 


L? 7 
ds? = A (nuv dx”dz” — dz?) , (14.5) 
where z represents the coordinate for the fifth dimension and L is the AdS 
curvature radius. The spacetime will have two boundaries, one at z = Lo = 
L ~ 1/Mpı (UV-boundary), and another at z = Lı ~ um ~ 1/TeV (IR- 
boundary). The theory is thus defined on the line segment Lo < z < Lı. 


The symmetry patterns are assumed to be 


UV — boundary : Gsm = SU(2)L x U(1)y x SU(3)e 
5D Bulk : SU(2)1, x SU(2)r x U(1)x x SU(3). 
IR — boundary : SU(2)v x U(1)x x SU(3)c. 


We also assume that the bulk and [R-boundary are invariant under the 
parity Prr that interchanges L + R. We will see later that this discrete 
symmetry is crucial to avoid large contributions to Zbb. In the fermion 
sector, each SM generation is identified with the lightest Kaluza-Klein (KK) 
mode of a set of 5D bulk multiplets. For the up-quark sector, these 5D fields 
are chosen to be 


ofan [AGS]. om = áe 


bu = [(1, 1)¢ = uL(—-—) , (1, DR T ur(++)] ) (14.6) 


with X-charge equal to 2/3. Chiralities under the 4D Lorentz group have 
been denoted by L, R, and (+,+) is a shorthand notation to denote Neu- 
mann (+) or Dirichlet (—) boundary conditions on the two boundaries. The 
bulk masses of the 5D fields qu, in units of 1/L, will be denoted by cy,u. 
Localized on the IR-boundary, we can have mass terms invariant under 


“As far as physics at the TeV is concerned, 5D flat space or other geometries give similar 
predictions [7]. 
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SU(2)v xU(1)x xSU(3)¢: 


Mu Giur + h.c. (14.7) 


For cg > 1/2 and cą, < —1/2, the wave functions of the lightest KK of 
the 5D fermion fields are peaked towards the UV-boundary, and therefore 
their projection on the IR-boundary, where the EWSB masses Eq. (14.7) 
resides, are small [17]. This implies that small fermion masses can be easily 
generated in these models [17, 18]. For the top we will require |cq,u| < 1/2 
such that the wave function of the lightest tz, mode is peaked towards the 
IR-boundary and a large mass can be generated. The SM down-quark and 
lepton masses can arise similarly. 

To study the implications of this 5D model it is convenient to use the 
holographic approach, instead of the more convencional KK decomposition. 
The holographic procedure consists in separating the UV-boundary fields 
A(z = Lo, x) from the bulk fields A(z # Lo, x) and treating them as distinct 
variables. If we integrate out the bulk with fixed values of the fields on 
the UV-boundary, we obtain a 4D (non-local) theory defined on the UV- 
boundary. For the transverse gauge bosons at the quadratic level and in 
momentum space, this is given by 


P, V v V 
Lef = pa {Tr[V, Iv (p)V, + A a (p)A”] + Bu p(qg)B’}, (14.8) 


where A = (W4 —W®)/V2, V = (W+ + W®)/V2, Pav = Nuw — Pupv/ p? 
and 


= pP Yo(pLo)Jo,1(pL1) — Yo,1(pLi) Jo(pLo) 
ly, a(p) = -M;:L— >, 
Lo Yi (pLo)Jo,1(pL1) — Yo,1(pLi) Ji (pLo) 
where Jn, Yn are Bessel functions and Hg = MPIIy/Ms (Ms and MP are 
the inverse squared of the 5D gauge couplings of the SU(2)r,r and U(1)x 


groups respectively). From Eq. (14.9) we can obtain the W mass 


(14.9) 


4M;L 
M2, = of where f2 = 2IL4(0) = 73 (14.10) 
1 
and the § parameter 
A g? 39? N 
S = [Hy 0) — T40) = =-MsL = 3-10" | =} , (14.11) 


where we have defined Ñ = 16x2M;L that corresponds to the inverse of 
our 5D expansion parameter (only for 1/N < 1 we have a weakly coupled 
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description of our 5D theory). Eq. (14.11) indicates that (marginal) agree- 
ment with data can only be obtained in the region where Ñ ~ 2; too small 
to trust the 5D calculation of $. If we want to stay in the 5D perturbative 
regime, we need extra negative contributions to S to reduce its value. Pos- 
sible extra contributions to § can come from the fermion sector [19, 20].¢ 
Assuming a cancellation in $ such that its value is reduced a 1 /4 (this will 
allow a Ñ ~ 8), the mass of the lowest vector KK is 


37 8 
~x — ~1.3,/— TeV 14.12 
Mp S a Vee ( ) 


where for the numerical value we have used Eqs. (14.10) and (14.11). The 
detection of this vector KK (the equivalent of the TC-rho) can therefore be 
accessible at the LHC. 

Contrary to TC, this 5D model is safe from large corrections to dg,/gp. 
It can be shown [15] that the Prr discrete symmetry together with the 
custodial SU(2)y protect the coupling Zbb from tree-level corrections. 


14.2.2.1. Holographic 4D interpretation of the 5D Higgsless models 
and the size of FCNC 


Using the AdS/CFT dictionary [4], the above 5D model can be interpreted 
as a 4D strongly interacting theory [9]. This gives a very useful descrip- 
tion of the 5D models as 4D theories. The correspondence goes as follows. 
The 5D bulk and IR-boundary corresponds to a CFT with a mass gap 
at the infrared scale ur ~ 1/L1, responsible for the formation of reso- 
nances (corresponding to the KK states). The value of N corresponds to 
the number of colors N of the CFT. The global symmetry of the CFT 
is G = SU(3). x SU(2)z x SU(2)r x U(1)x, spontaneously broken down 
to H = SU(3). x SU(2)y x U(1)x. The SM gauge bosons and fermions 
are elementary fields external to the strongly interacting CFT. They cor- 
responds to the UV-boundary fields A(z = Lo, x). The SM gauge bosons 
couple to the CFT through its conserved currents, gauging the subgroup 
SU(3). x SU(2); x U(1)y contained in G. The SM fermions y; couple lin- 
early to the strong sector through a single operator O; made of CFT fields: 
L = \ipiOi + h.c. [22]. The running coupling \;() obeys the RG equation 


ate, (14.13) 


dIn Ref. [21] has been claimed that Š can be small or even negative for certain geometries 
of the 5D space. Nevertheless, one must check that the curvature of those geometries is 
not larger than the cut-off scale of the model such that does not invalidate the calculation. 
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where the dots stand for terms subleading in the large-N limit, and a is an 
O(1) positive coefficient. The first term in Eq. (14.13) drives the energy 
scaling of A; as dictated by the anomalous dimension y; = Dim[O;] — 5/2, 
Dim|[O;] being the conformal dimension of the operator O;. The second 
term originates instead from the CFT contribution to the fermion wave- 
function renormalization. The low-energy value of A; is determined by 7. 
For y; > 0, the coupling of the elementary fermion to the CFT is irrelevant, 
and A; decreases with the energy scale u. Below urr, we have 


Ane Gul l (14.14) 


where A ~ Mp, is the UV-cutoff of the CFT. Therefore, fermions with 
yi > 0 will have a small mixing with the CFT bound states, and thus small 
fermion masses. For the up-quarks we will have 


2 atYu 
Bia (EV ” 946 GeV. (14.15) 


For yi < 0, the coupling is relevant and à; flows at low energy to the 
fixed-point value 


y= yf = (14.16) 


In this case the mixing between p; and the CFT is large, and sizable SM 
fermion masses can be generated for not too large values of N. The values 
of 7; are related to the 5D fermion masses c; according to [22]: 


1 
ct 5|-1. Yu = 


1 
Cu — 5 = i (14.17) 


Yq 5 2 


Therefore the requirement 7g, > 0 for the light fermions implies cg > 1/2 
and cu < —1/2, while for the top yg, < 0 implies |cq,u| S$ 1/2. 

In this 4D description it is easy to see why FCNC effects in these models 
are not in conflict with the experiments. FCNC operators induced by the 
CFT such as (y;~;)? are proportional to A7A7 f2/m3 ~ mim;/(f2m?). 


This suppression factor allow us to pass all experimental constraints with 
no large tuning in the parameters [17, 18). 
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The 4D holographic model is then described by the Lagrangian: 


L = Lort + Lsm + JGbRW2Y + Sep By +A WiOi+hec.. (14.18) 


14.3. Composite Higgs Models 


By enlarging the group G, while keeping qualitatively the same properties 
of the Higgsless models described above, we are driven to a different sce- 
nario in which the strong or extra dimenional sector, instead of breaking 
the EW symmetry, contains a light Higgs in its spectrum that will be the 
responsible for EWSB. These scenarios, named Composite Higgs models, 
were first proposed in the eighties [3]. Nevertheless, these first examples 
lacked several ingredients. First, they did not incorporate a heavy top (since 
its mass was not known at that time), and the largest SM contribution to 
the Higgs potential was that of the SM weak bosons. Since the latter al- 
ways leads to an electroweak-preserving vacuum, the authors of Ref. [3] had 
to enlarge the SM gauge group in order to trigger EWSB. Second, flavor 
was not successfully incorporated and the corrections to the EW precision 
observables were not possible to be calculated. 

Five-dimensional theories allow us to obtain realistic and predictive 
models of composite Higgs. Here we want to present the minimal 5D com- 
posite Higgs [9, 10]. The 5D geometry is the same as in the Higgsless case, 
Eq. (14.5). Nevertheless, the gauge symmetry is in this case given by 


UV — boundary : SU(2)L x U(1)y x SU(3)e 
5D Bulk: SO(5) x U(1)x x SU(3)¢ 
IR — boundary : O(4) x U(1)x x SU(3)e. 


Since the symmetry-breaking pattern of the bulk and IR-boundary is given 
by SO(5)—O(4), we expect four Goldstone bosons parametrized by the 
SO(5)/SO(4) coset [9]: 


0 H 


E= (D)e f £) = (0,0,0,0,1), H= 
(Z)e (x) = ( ) _yT 9 


, (14.19) 
where H is a real 4-component vector, which transforms as a doublet under 
SU(2)z. This is identified with the Higgs. In the fermion sector, each SM 


generation is identified with the zero mode of 5D bulk multiplets trans- 
forming as fundamentals of SO(5). For the up-quark sector these 5D fields 


Strongly Interacting Electroweak Theories and Their 5D Analogs at the LHC 269 


are [10] 


qu(++) qr(——) 
(1,1) 2 (--) ) (1,1)R(++) 
(2,2)¢(+—) , (2,2)R(-+) 
(1,1)E(—+) , (1,1)R(+-) 


where €,, transform as 52/3 of SO(5) x U(1)x. In Eq. (14.20) we have 
grouped the fields of each multiplet €,, in representations of SU(2)z x 
SU(2)r, and used the fact that a fundamental of SO(5) decomposes as 
5 = (2,2) @ (1,1). Localized on the IR-boundary, we consider the most 
general set of mass terms invariant under O(4) x U(1)x: 


eatin (2,2) = pa , (2,2)4 = howe 


fu = (Wut ur) = | , (14.20) 


Mau 2, Da (2,2)4 + Mu A, Dp (1, 1)¥ + h.c.. (14.21) 


At energies below the mass of the KK-states, mp, the spectrum corresponds 
to that of the SM with a Higgs. The low-energy theory for the PGB Higgs 
£, written in a SO(5)-invariant way, is given by 


1 T CY pi ying 
Le = f? 5 (Di) (DEE) + ig ae LW p 
$ SDF yy FDT IVER (14.22) 
P 


From the kinetic term of X we obtain M, = g°(sn fr)? /4 where we have 
defined sp = sin h/ fr. This implies 


v = efr = Snfr = 246 GeV. (14.23) 


The value of € can vary between 0 (no EWSB) and 1 (maximal EWSB) and 
we will discuss later how it is determined. The second term of Eq. (14.22), 
in which Y4z (Yur) transforms as a 52/3 and contains the SM qz (ur) 
plus spurions, is responsible for the fermion masses: 
2 
My = cy — ShCh 3 (14.24) 
Mp 
where cy ~ Agu with Ag scaling as in the Higgsless case — see 
Eqs. (14.14), (14.16) and (14.17). FCNC in this model are under con- 
trol as in the Higgsless case. It is important to notice from Eq. (14.24) that 
to generate non-zero fermion masses we must require 0 < ShCh < 1, i.e. 
0< e< 1. Therefore, maximal EWSB e = 1 is not allowed. 
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From the third term of Eq. (14.22) we can derive the the Peskin- 
Takeuchi S-parameter. The value of cg does not differ from the Higgsless 
case and therefore we have [9] 


g= 9 Re, (14.25) 


The 99% CL experimental bound [13] ° S < 3- 1078 then translates into 


1 (10 
2 ogee (ae 
oS (=) l (14.26) 


Contrary to the Higgsless case, we see that the composite Higgs model 
can satisfy the constraint from S (with a large value of N to trust the 5D 
result) if e is small. Later we will see the region of the parameter space 
in which Eq. (14.26) is satisfied. Eq. (14.26) is the only constraint from 
EW precision tests, since T and 6 gv/ gp are both protected by the custodial 
O(3)xSU(2)y x Prr symmetry [15] and therefore are only generated at the 
loop-level, being small enough [23]. We can then conclude that in composite 
Higgs models the lowest vector KK can be as light as 


30 10 
x — x 244| = TeV. 14.2 
meS TT 4/ N eV (14.27) 


14.3.1. Higgs potential and vacuum misalignment 


The last term of Eq. (14.22) corresponds to the PGB Higgs potential that 
it is induced at the loop level. This potential can be calculated in two steps 
following the holographic prescription: we first integrate out (at tree-level) 
the bulk fields as a function of the UV-boundary fields. This leaves a 4D 
theory in which the Higgs potential can be calculated following Coleman- 
Weinberg. In this second step the dominant contribution to this Higgs po- 
tential comes at the one-loop level from the virtual exchange of the SU(2)z 
gauge bosons and top quark, and it is given by 


dtp 9 
V(h) = f a {-3 log Iw + 2N,|log Ip, + log(p* Hi, Hig — Tt, : 
(14.28) 


°We are taking the value from Ref. [13] with mp ~ 120 GeV, since in composite Higgs 
scenarios, as we will see later, the Higgs is light. 
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where Ne = 3 and 


s2 Ie, = I 5 
Iw = Uo + T Ih, , Pe 
SSO M, = H + a TS, (14.29) 
Mistr = V2 Mi : u 2 ypu 
Ik, = Mo + c, HY - 
The II; are complicated momentum-dependent form factors that can be 


found in Ref. [10]. Apart from a constant piece, the potential of Eq. (14.28) 
is finite, since the form factors II; and Mı drop exponentially for p >> 1/L4. 
This fast decrease with the momentum allows us to expand the logarithms 
in Eq. (14.28) and write the approximate formula 


V(h) ~a $ -B sich, (14.30) 


where a and ĝ are integral functions of the form factors. For œ < @ and 
B > 0 we have that the electroweak symmetry is broken: « 4 0. If 6 > |al, 
the minimum of the potential is at 


s= (14.31) 


while for 3 < |a| the minimum corresponds to c, = 0, and the EWSB is 
maximal: € = 1. As we said before, this latter case leads to zero fermion 
masses and must be discarded. The gauge contribution gives a > 0 and 
tends to align the vacuum along the (SU(2)z)-preserving direction. A mis- 
alignment of the vacuum, however, can come from the top loops, which can 
give a < 0 and @ > 0. The physical Higgs mass is given by 


8382c2 8Ne 
ye ~ SE mb, (14.32) 


and, for moderate values of N ~ 10, it can be above the experimental 
bound mp > 114 GeV. 

What is the allowed region of the 5D parameter space of the model that 
gives EWSB (e 4 0) and satisfy the constraint Eq. (14.26) from precision 
tests? To answer this question we first notice that the only relevant 5D 
parameters are those related to the top quark and gauge sector since they 
give the dominant contribution to the Higgs potential. These parameters 
are 


2 
m; ~ 


Ñ, cq, Cu, Ñu, Mu. (14.33) 


Here Mu, Mu, Cq and cu denote the mass parameters of the top quark, 
qL = (tL,bL) and ur = tr. The scale Lı has been traded for v. 
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Fig. 14.1. Contour plots in the plane (Mu, Mu) with cq = 0.35, cu = 0.45, Ñ =8. 
The black (white) area denotes the region with e = 0 (e = 1). The gray intermediate 
area with 0 < e < 1 is the region with EWSB and non-zero fermion masses. Its lighter 
gray portion is excluded by Eq. (14.26). The dashed black line represents the curve with 
mS (2 TeV) = 150 GeV, equivalent to mP°!® = 173 GeV. 


Figure 14.1 gives an example of the allowed and excluded region of the 
parameter space. One can see that, although the constraint Eq. (14.26) 
excludes a portion of the parameter space, there is still a sizable portion 
allowed, showing that no large fine tuning is required to pass the electroweak 
tests. Thus, this model can give a realistic account of the EWSB and 
fermion masses without conflict with experiments. 


14.3.2. Fermionic resonances 


A crucial prediction of the 5D composite Higgs model is that the require- 
ment of a large top quark mass always forces some of the fermionic KK 
resonances to be lighter than their gauge counterpart. The reason is the 
following. The embedding of tz and tr into SO(5) bulk multiplets implies 
that some of their SO(5) partners have (+, F) boundary conditions, an as- 
signment that is necessary to avoid extra massless states (see Eqs. (14.20)). 
Consider for example the case in which the left-handed chirality of the 5D 
field is (+, —), (hence the right-handed one is (—,+)): for values of the 5D 
mass c; > 1/2, the lightest KK mode — we will denote it by g* — has its 
left-handed chirality exponentially peaked on the UV-boundary, while its 
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Mk [TeV] 


[Gev] 


™Higgs 


Fig. 14.2. Masses of the lightest colored KK fermions. Different symbols denote KKs 
with different quantum numbers under SU(2);xU(1)y. We have fixed e = 0.5, Ñ = 8, 
and varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < Mu < 0.42, —3.5 < My < —2.2 
(filled points), or 0.2 < cq < 0.35, —0.25 < cy < —0.42, -1.3 < my < 0.2, 0.1 < 
Mu < 2.3 (empty points). The black continuous line is the fit to the mass of the lightest 
resonance [10]. 


right-handed is localized on the IR-boundary. This implies that the mass 
of q* is exponentially suppressed. In the opposite limit c; < —1/2, both 
chiralities are localized on the IR-boundary and the mass of q* is of the 
same order as that of the other KKs: mg» ~ mp. In the intermediate re- 
gion —1/2 < ci < 1/2, the one we chose for top quark bulk fields, one finds 
that mg is given by [24] 

2 /1 


al aoe, 14.34 
nAn (14.34) 


Mg 
which means that it is still parametrically smaller than m, by a factor 
/1/2—c;. Analogous results hold in the case of a (+,—) right-handed 
chirality, but for ci —> —c;. 

Let us concentrate on the region —1/2 < cu < 1/2 and cq > 0. From the 
argument above and by inspecting Eq. (14.20), one finds that the lightest 
KK modes are those arising from the (2,2)" component of the bulk mul- 
tiplet €,,. This field contains two SU(2)z doublets of hypercharge Y = 7/6 
and Y = 1/6. Figure 14.2 shows the spectrum of the lowest fermionic 
KK states. The lightest states are those predicted. Their mass is around 
500 — 1500 GeV for e = 1/2 and Ñ = 8, much smaller than that of the 
lightest gauge KK, mp œ 2.6 TeV, and of other fermionic excitations. 
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Fig. 14.3. Invariant tt mass distribution for a gluon resonance of 3 TeV produced at 
the LHC [28]. 


14.4. LHC Phenomenology 


14.4.1. Heavy resonances at the LHC 


The universal feature of strongly coupled theories of EWSB or their extra 
dimensional analogs is the presence of vector resonances, triplet under 
SU(2)y, of masses in the range 0.5 — 2.5 TeV; they are the TC-rho or KK 
of the W. They can either be produced in a qq Drell-Yan scattering or via 
weak boson fusion. These vector resonances will mostly decay into pairs of 
longitudinally polarized weak bosons (or, if possible, to a weak boson plus 
a Higgs), and to pairs of tops and bottoms. Studies at the LHC has been 
devoted to a very light TC-rho, m, S 600 GeV, that will be able to be 
seen for an integrated luminosity of 4 fb~! [25] (see also Ref. [26]). Recent 
studies suggest that one can go up to masses of 2 TeV for 100 fb~! [27]. 

Another more interesting signal from extra dimensional models (but 
also present in top-assited TC models [12]) is the detection of heavy gluon 
resonances. The dominant production mechanism at the LHC is through 
uŭ or dd annihilation, decaying mostly in top pairs. The signal will be 
then a bump in the invariant tt mass distribution -see Fig. 14.3. For an 
integrated luminosity of 100 fb~! the reach of the gluon resonances can be 
up to masses of 4 TeV [28]. 

The most promising way to unravel the 5D warped models described 
above is by detecting the lowest fermionic KKs at the LHC. In particular, for 


Strongly Interacting Electroweak Theories and Their 5D Analogs at the LHC 275 


the composite Higgs model, detecting heavy fermions with electric charge 
5/3 (q5/3) that arise from the 27/6 multiplet of SU(2)z xU(1)y, would be 
the smoking-gun signature of the model. For not-too-large values of its mass 
Maz z» roughly below 1 TeV, these new particles will be mostly produced 
in pairs, via QCD interactions, 


99,99 > 95/3 %/3 > (14.35) 


with a cross section completely determined in terms of Maz: Once pro- 
duced, gz, will mostly decay to a (logitudinally polarized) W* plus a top 
quark. The final state of the process Eq. (14.35) consists then mostly of 
four W’s and two b-jets: 


djs Ẹja > WEW- E> WtWtoW-W-d. (14.36) 


Using same-sign dilepton final states we could discover these particles for 
masses of 500 GeV (1 TeV) for an integrated luminosity of 100 pb~! (20 
fb~+) [29]. The same final state also comes from pair production of KKs 
with charge —1/3. A way to discriminate between the two cases, consists 
in reconstructing the electric charge of the resonance. For example, one 
could look for events with two highly-energetic leptons of the same sign, 
coming from the leptonic decay of two of the four W’s, plus at least six 
jets, two of which tagged as b-jets. Demanding that the invariant mass 
of the system of the two hadronically-decaying W’s plus one b-jet equals 
Mg: then identifies the process and gives evidence for the charge 5/3 of the 
resonance. Furthermore, indirect evidence in favor of qf /3 would come from 
the non-observation of the decays to Zb, Hb that is allowed for resonances 
of charge —1/3. 

For increasing values of Maz, the cross section for pair production 
quickly drops, and single production might become more important. The 
relevant process is tW fusion [30], where a longitudinal W radiated from 
one proton scatters off a top coming from the other proton. The analogous 
process initiated by a bottom quark, bW fusion, has been studied in detail 
in the literature and shown to be an efficient way to singly produce heavy 
excitations of the top quark [31-33]. To prove that the same conclusion also 
applies to the case of tW fusion a dedicated analysis is required. The main 
uncertainty and challenge comes from the small top quark content of the 
proton, which however can be compensated by the large coupling involved. 

Besides q% J3? the other components of the 21/6 and 27/6 multiplets of 
SU(2)zxU(1)y are also predicted to be light. The states of electric charge 
2/3 or —1/3 could also be produced in pairs via QCD interactions or singly 
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via bW or tW fusion. They will decay to a SM top or bottom quark plus a 
longitudinally polarized W or Z, or a Higgs. When kinematically allowed, a 
heavier resonance will also decay to a lighter KK accompanied with a Wiong, 
Z\ong or h. Decay chains could lead to extremely characteristic final states. 
For example, in one of the models of Ref. [10], the KK with charge 2/3 
from 32/3 is predicted to be generally heavier than q% /3" If pair produced, 
they can decay to qF /3 leading to a spectacular six W’s plus two b-jets final 
state: 


92/3 Bjs > W` gj WtẸj > W WtWwtbWtw Wb. (14.37) 


To fully explore the phenomenology of the fermionic resonances in com- 
posite Higgs models a detailed analysis is necessary. Existing studies in 
the literature have focussed on the production and detection of SU(2)z 
singlets of hypercharge Y = 2/3 [33, 34], since this is a typical signature 
of Little Higgs theories. In composite Higgs models, however, the singlet 
is not predicted to be light, except for specific regions of the parameter 
space. In conclusion, our brief discussion shows that there are character- 
istic signatures predicted by these models that will distiguish them from 
other extensions of the SM. While certainly challenging, these signals will 
be extremely spectacular, and will provide an indication of a new strong 
dynamics responsible for electroweak symmetry breaking. 


14.4.2. Experimental tests of a composite Higgs 


Alternative to the detection of the KK-states, the composite Higgs scenario 
can also be tested by measuring the couplings of the Higgs and seeing 
differences from those of a SM point-like Higgs. For small values of €? = £, 
as needed to satisfy Eq. (14.26), we can expand the low-energy Lagrangian 
in powers of h/ fr and obtain in this way the following dimension-6 effective 
Lagrangian involving the Higgs field doublet H: 


C C <>. = 
LsiLH = R” (H'H) ô, (HA) + op (HDH) (ni DH) 
S (HN A (imini Hýn+ ne) ; (14.38) 


Equation (14.38) will be refer as the Strongly Interacting Light Higgs 
(SILH) Lagrangian [35]. We have neglected operators suppressed by 1/ m? 
that are subleading versus those of Eq. (14.38) by a factor f/m? ~ 
N/(167?), or operators that do not respect the global symmetry G and 
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therefore are only induced at the one-loop level with extra suppression fac- 
tors — see Ref. [35]. Out of the four operators of Eq. (14.38), only the 
coefficient of the second one (cr) is highly constrained by the experimental 
data, since it contributes to the T. -parameter. As explained above, however, 
composite Higgs models give small contributions to T, and therefore to cr, 
consistently with the experimental bounds. The other operators are only 
measurable in Higgs physics. Their coefficients, in the 5D composite Higgs 
described above, are [35]: cH = cy = 1 and cg = 0. They modify the Higgs 
decay widths according to 


T(h > ff)smu =T(h > ff)sm[l — €(2cy + cx)] 
T(h = WW)sitn = T(h > WW“) guid — Ec] 
[(h > ZZ)sun =T(h > ZZ™®)sm[1 — Ezy] 
T(h > gg)sun =T(h > gg)sm[1 — € Re(2c, + cx)| (14.39) 
Th > yy)suu = (Rh > yy)sm ji- ere( žuta <tr) 


Th > 7Z)stun = T(h > yZ)sm h = gRe( patar aa st) . 
The loop functions J and J are given in Ref. [35]. Notice that the contri- 
bution from cy is universal for all Higgs couplings and therefore it does 
not affect the Higgs branching ratios, but only the total decay width and 
the production cross section. The measure of the Higgs decay width at 
the LHC is very difficult and it can only be reasonably done for a rather 
heavy Higgs, well above the two gauge boson threshold, that is not the 
case of a composite Higgs. However, for a light Higgs, LHC experiments 
can measure the product op x BR», in many different channels: production 
through gluon, gauge-boson fusion, and top-strahlung; decay into b, T, y 
and (virtual) weak gauge bosons. In Fig. 14.4, we show the prediction of 
the 5D composite Higgs for the relative deviation from the SM expecta- 
tion in the main channels for Higgs discovery at the LHC. At the LHC 
with about 300 fb~!, it will be possible to measure Higgs production rate 
times branching ratio in the various channels with 20-40 % precision [36], 
although a determination of the b coupling is quite challenging [37]. This 
will translate into a sensitivity on |cpẸ| and |cyẸ| up to 0.2-0.4, at the edge 
of the theoretical predictions. Since the Higgs coupling determinations at 
the LHC will be limited by statistics, they can benefit from a luminosity 
upgrading, like the SLHC. At a linear collider, like the ILC, precisions on 
on X BR), can reach the percent level [38], providing a very sensitive probe 
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Fig. 14.4. The deviations from the SM predictions of Higgs production cross sec- 
tions (ø) and decay branching ratios (BR) defined as A(o BR)/(o BR) = (o BR)sttu/ 
(o BR)gm — 1. The predictions are shown for some of the main Higgs discovery chan- 
nels at the LHC with production via vector-boson fusion (VBF), gluon fusion (h), and 
topstrahlung (tth). 


on the scale f. Moreover, a linear collider can test the existence of ce, 
since the triple Higgs coupling can be measured with an accuracy of about 
10% for \/s = 500 GeV and an integrated luminosity of 1000 fb~! [39]. 

Deviations from the SM predictions of Higgs production and decay rates, 
could be a hint towards models with strong dynamics. Nevertheless, they 
do not unambiguously imply the existence of a new strong interaction. 
The most characteristic signals of the SILH Lagrangian have to be found 
in the very high-energy regime. Indeed, a peculiarity of the SILH La- 
grangian is that, in spite of a light Higgs, longitudinal gauge-boson scat- 
tering amplitudes grow with energy and the corresponding interaction can 
become sizable. Indeed, the extra Higgs kinetic term proportional to cy€ 
in Eq. (14.38) prevents Higgs exchange diagrams from accomplishing the 
exact cancellation, present in the SM, of the terms growing with energy in 
the amplitudes. Therefore, although the Higgs is light, we obtain strong 
WW scattering at high energies. 

From the operator Oy = 0“(H'H)0,(H'H) in Eq. (14.38), using the 
equivalence theorem [40], it is easy to derive the following high-energy limit 
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of the scattering amplitudes for longitudinal gauge bosons 


A(Z? Z? = WtWz) = A(WtW; > Z? Z?) = —A(WEWE — WEWE), 


A (WtW# — WEW?) = re (14.40) 
+770 + 70 cut + = + = cn(s +t) 
A (W*Z? > W*Z{) = ae AWE, = WIW) = ae 
(14.41) 
A(Z? Z? > Z2Z2) =0. (14.42) 


The growth with energy of the amplitudes in Eqs. (14.40)—(14.42) is strictly 
valid only up to the maximum energy of our effective theory, namely mp. 
The behaviour above m, depends on the specific model realization. For 
example, in 5D composite Higgs models the growth of the elastic amplitude 
will be softened by KK exchange. Notice that the result in Eqs. (14.40)— 
(14.42) is exactly proportional to the scattering amplitudes obtained in 
a Higgsless SM [40]. Therefore, in theories with a SILH Lagrangian, the 
cross section at the LHC for producing longitudinal gauge bosons with large 
invariant masses can be written as 


o (pp > ViViX)., = (CHE) o (pp > ViVLX)y 5 (14.43) 


where o(pp —> VL V} X)y is the cross section in the SM without Higgs, at the 
leading order in s/(47v)?. With about 200 fb™t of integrated luminosity, it 
should be possible to identify the signal of a Higgsless SM with about 30- 
50% accuracy [41-43]. This corresponds to a sensitivity up to cé œ 0.5- 
0.7. 

Another generic prediction of the SILH Lagrangian is that the strong 
gauge boson scattering is accompanied by strong production of Higgs pairs. 
Indeed we find that, as a consequence of the O(4) symmetry of the H 
multiplet, the amplitudes for Higgs pair-production grow with the center- 
of-mass energy as Eq. (14.40), 

A(ZLZL > hh) = A(W{W, > hh) = Fr (14.44) 
Using Eqs. (14.40), (14.41) and (14.44), we can relate the Higgs pair pro- 
duction rate at the LHC to the longitudinal gauge boson cross sections 


205, m (pp > hhX).,, = cs,m (pp > WE W3 X) 


CH 


1 6 
Pa € — tanh? z) osm (pp > ZLZLX). . (14.45) 


e 
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Here all cross sections os, m are computed with a cut on the pseudorapidity 
separation between the two final-state particles (a boost-invariant quantity) 
of |An| < 6, and with a cut on the two-particle invariant mass § > M?. The 
sum rule in Eq. (14.45) is a characteristic of the SILH Lagrangian. However, 
the signal from Higgs-pair production at the LHC is not so prominent. It 
was suggested that, for a light Higgs, this process is best studied in the 
channel bbyy [44], but the small branching ratio of h — yy makes the rate 
unobservable. Nevertheless, one can take advantage of the growth of the 
cross section with energy. It may be possible that, with sufficient luminosity, 
the signal of bbbb with high invariant masses could be distinguished from 
the SM background. Notice however that, because of the high boost of the 
Higgs boson, the b jets are often not well separated. The case in which 
the Higgs decays to two real W’s appears more promising for detection. 
The cleanest channel is the one with two like-sign leptons, where hh — 
l**vyv jets, studied in Refs. [44, 45]. 
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I discuss how the Large Hadron Collider era should broaden our view of 
particle physics research, and apply this thinking to the case of Hidden 
Worlds. I focus on one of the simplest representative cases of a Hidden 
World, and detail the rich implications it has for LHC physics, includ- 
ing universal suppression of Higgs boson production, trans-TeV heavy 
Higgs boson signatures, heavy-to-light Higgs boson decays, weakly cou- 
pled exotic gauge bosons, and Higgs boson decays to four fermions via 
light exotic gauge bosons. Some signatures may be accessible in the 
very early stages of collider operation, whereas others motivate a later 
high-lumonosity upgrade. 


15.1. Particle Physics in the LHC Era 


The annals of particle physics are replete with exhortations to solve the 
hierarchy problem, the flavor problem, the baryon asymmetry problem, the 
dark matter problem, the unification problem, etc. Much of our efforts go 
into constructing the simplest solution to one of these problems. There is a 
premium on taut constructions narrowly tailored to solve our most precious 
problems. 

With the coming of the LHC era, electroweak symmetry breaking and 
naturalness become the central focus for at least the initial phase of run- 
ning. Our community has had many ideas, the simplest being that a single 
scalar boson condenses to break the electroweak symmetry and simultane- 
ously gives mass to all elementary particles. Although a logical possibility, 
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few believe the Higgs boson alone is a viable option since it is so deli- 
cate to quantum corrections. For thirty years the beyond-the-Standard 
Model community has pursued various scenarios that support and protect 
the Higgs boson from these destabilizing tendencies (supersymmetry, CFT, 
extra dimension, etc.), or have banished the offending fundamental scalar 
from nature (technicolor, compositeness, higgsless models, etc.), while other 
ideas have found ways to push the problem to higher scales (little Higgs 
theories, etc.). 

Of course there are too many ideas out there for all to be correct. Never- 
theless, if there are a thousand ideas and only one is right, it does not mean 
that the others were useless, just as when a thousand rescue volunteers are 
looking for a little girl lost in the woods and one finds her, it does not 
mean the others were useless. It may be argued that the only useless ideas 
are ones not grounded in rigor or are incompatible with past observations. 
This criteria for the worth of an idea is somewhat looser than the criteria 
we normally apply to theory in deciding what is good work. Normally, we 
give our highest esteem to efforts that solve problems. We value invention 
over unmoored creativity. I once heard an inventor describe what he does 
as first asking “What sucks?” and then working day and night to make it 
better. That is what we mostly do in physics. We worship inventions. We 
dislike the SM Higgs boson and its quantum instability. This leads us to 
invent technicolor, supersymmetry, extra dimensions, etc. and then further 
invent solutions to their iatrogenic illnesses. This formula is rather human- 
centric because we care most about our problems — at the core, they are 
the problems associated with understanding the particles that make up our 
bodies. Surely, there is more to the universe than that. 

A more universalist approach asks rather “what’s possible?” There is 
great danger in this approach, since a whole lot more things are possible 
than are even probable. What then can discipline us? A new answer to 
this question is the Large Hadron Collider. The LHC era beckons us to 
approach physics less as an inventor and more humbly as a universalist. 
The beckoning is due to the filtering opportunity of experiment, and the 
impertinent susurrations that we shall fall short if we only take seriously 
our inventions. Agreeing to the LHC as the primary disciplinarian of our 
creativity can yield a deeper interpretation of the data and perhaps may 
lead to new discoveries that were not anticipated. 

Thus, it is the existence of the LHC that propels me to write about 
hidden worlds, or hidden sectors [1-6]. I could argue some second-order 
problem-solving explanation for why we must all care about this issue, 
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by telling you that many ideas of physics beyond the SM have sectors in 
addition to the SM that are hard to get rid of. I could also describe why 
landscape studies imply the existence of even hundreds of possible new 
sectors [7] that have nothing directly to do with solving any deep problem 
in nature that we recognize. No, instead, despite the motivating paralepsis, 
the physics of this chapter has but one core reason for cogitation: it can be 
discovered at the LHC. 


15.2. Hidden Worlds 


The definition of “hidden” that I use here is the collection of particles that 
are not the SM, that are not charged under SM gauge groups, and that 
do not couple via gauge interactions to SM particles. The possibilities are 
numerous. We can envision analogous copies of the SM charged under new 
gauge groups SU(3),x SU(2), xU(1)). We can envision pure singlet states. 
We can envision gauge fields of exotic gauge groups of large dimensionality. 
Very little experimental data bears on the question of whether such sectors 
exist. 

It is not assured that we shall be able to discern the existence of a 
hidden world. All we can do is identify opportunities and explore them. Of 
course, any gauge invariant and Lorenz invariant operator of the SM OBW, 
can be paired with a similar operator from the hidden sector 07" to form 
ON OMY. If this resulting operator is irrelevant (dimension > 4) it will be 
suppressed by some unknown scale M,. We have no a piori idea what scale 
M., should be; however, we know that if it is above a few TeV it is unlikely 
we shall see evidence of this interaction due to decoupling. 

The SM however does have two operators that are gauge-invariant and 
relevant (dimension < 4): the hypercharge field strength tensor B,,, and 
the Higgs modulus squared |Hsm|?. These two operators give us hope that 
we can couple to a hidden sector in a relevant or marginal way (dimension 
< 4), thereby enabling a search for a hidden world via the hypercharge 
gauge boson or the Higgs boson of the SM. 

Indeed, both of these operators can be exploited in the above-stated way 
to explore the simplest, non-trivial hidden sector that couples to 6,, and 
|®sm|?: U(1)x gauge theory with a complex Higgs boson ®y that breaks 
the symmetry upon condensation. We call this simple model the “Hidden 
Abelian Higgs Model” or HAHM, and explore the rich phenomenology that 
it implies for the LHC. 
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15.3. Hidden Abelian Higgs Model (HAHM) 


In this section I define precisely what I mean by HAHM. First, we have the 
afore-mentioned extra U(1)x factor in addition to the SM gauge group. 
The only coupling of this new gauge sector to the SM is through kinetic 
mixing with the hypercharge gauge boson B,,. The kinetic energy terms of 
the U(1)x gauge group are 


Lex P A x 
LEP = -3 Êw" + Liu BM (15.1) 


where we comment later that x < 1 is helpful to keep precision electroweak 
predictions consistent with experimental measurements. 

We introduce a new Higgs boson ®y in addition to the usual SM Higgs 
boson ®gaz. Under SU(2)z ® U(1)y ® U(1)x we take the representations 
Ogu: (2,1/2,0) and ®y : (1,0,¢x), with qx arbitrary. The Higgs sector 
Lagrangian is 

Le =|D, Psu) + |D? +m3,,|On|? +m5,,,|8sal? 
—A®sul*— pl®ul* — k|® sml’ ®nal’, (15.2) 
so that U(1)x is broken spontaneously by (® p) = €/V2, and electroweak 
symmetry is broken spontaneously as usual by (® sm) = (0, v/V2). 


One can diagonalize the kinetic terms by redefining X,Y, > Xp, Yp 


with 
Fe)= (5) (i) 


The covariant derivative is then 
D, = Op + i(9xQx + 9'NQy)X, + ig'Qy By +igl?W?. (15.3) 


where 7 = x/y 1 -— X? 

After a GL(2, R) rotation to diagonalize the kinetic terms followed by 
an O(3) rotation to diagonalize the 3 x 3 neutral gauge boson mass matrix, 
we can write the mass eigenstates as (with sy = sin Ôx, Cy = cos bx) 


B Cw —SWCa SWS8a A 
W? | = | sw cwea —cwSea Z|, (15.4) 
X 0 Sa CH Z' 


where the usual weak mixing angle and the new gauge boson mixing angle 


are 
/ 


= g 


sw = -== ; 
"O VPF 


—2swn 


20a) = — 5s a > 
tan (20a) fleas 


(15.5) 
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with Az = M3 /M2,, M3 = 92-q%, M3, = (9? + g’)v?/4. Mz, and 
Mx are masses before mixing. The photon is massless (i.e., M4 = 0), and 
the two heavier gauge boson mass eigenvalues are 

Mz 


Mzz’ = 5 = l (1+ siyn? + Az) 


+y (1 — syn? An) + Asi) (15.6) 


valid for Az < (1—s%,7*) (Z -> Z’ otherwise). Since we assume that n < 1, 
mass eigenvalues are taken as Mz ~ Mz, = 91.19 GeV and Mz ~ Mx. 

The two real physical Higgs bosons ¢gjy and @y mix after symmetry 
breaking, and the mass eigenstates h, H are 


Ve enele) 
QH —sn Cn) \H) ` 
Mixing angle and mass eigenvalues are 

KUE 
pe? — Mv? 
MÈ n = (Av? + p£’) F y (Av? — pE?) + 62028? . (15.8) 


tan (20n) = (15.7) 


In summary, the model has been completely specified above. The effect 
of HAHM on LHC phenomenology is to introduce two extra physical states 
Z' and H. Z' is an extra gauge boson mass eigenstate that interacts with 
the SM fields because of gauge-invariant, renormalizable kinetic mixing 
with hypercharge, and H is an extra Higgs boson that interacts with the 
SM fields because of renormalizable modulus-squared mixing with the SM 
Higgs boson. 

The Feynman rules are obtained from a straightforward expansion of 
the above lagrangian in terms of mass eigenstates. Some of the Feynman 
rules most relevant for LHC studies are given below [4]. 

Fermion couplings: Couplings to SM fermions are 


zy. ig (1 — tan/sw) 
WUZ : ia [call — swtan)] r = Ceti) o] 
ig (ta T n/sw) 


poz: E lealta +nsw)] [TE - va] asa) 
W 


(ta + nsw) 
where Q = T? + Qy and ta = Sa/Ca. The photon coupling is as in the SM 
and is not shifted. 

Triple gauge boson couplings: We R being the coupling relative to 
the corresponding SM, one finds Raw+w- = 1, Rzw+w- = Ca and 
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Rzw+w- = —Sa (the last is compared to the SM ZW*W coupling). 
We will normally assume rather small kinetic mixing and so to leading 
order we have cg © 1, Sa <1. 

Higgs couplings: The Higgs couplings are 


M2 
hff : —icn—£ ; hWW : 2icr, Œ , 
v v 
M2 M2 
hZZ : ic, 2 (—co + nsw8a)* — 2isn p sa ‘ 
v 
Pa ye (15.10) 
hZ'Z' : icp — (sa + n8wea)? — 2isn p Ca 3 
v 


M2 M2 
AZZ : Zic, — (—ca + NSWSa)(Sa +NSwCa) — 2ish E Sata i 
v 


15.4. Precision Electroweak 


Generally speaking HAHM does not have significant disruptions of the pre- 
cision electroweak predictions compared to the SM to cause undo worry. 
In other words, a vast region of parameter space is completely compatible 
with the precision electroweak data. However, it is useful to review some 
of the issues [2, 3]. 

First, when the X gauge boson mixes with hypercharge there will be 
a shift in the precision electroweak observables compared to the SM. For 
example, from hypercharge-X mixing, the Z mass eigenvalue is further 
shifted relative to the W* mass. These effects can be computing in an 
effective Peskin-Takeuchi parameter analysis [8-10]. One finds that the 
three most important observables for constraining new physics by precision 
electroweak observables are 


Amw = (17MeV) T (15.11) 
AT +1- = — (80 keV) YT (15.12) 
Asin? 0¢ff = — (0.00033) Y (15.13) 
where 
7 7 \2 (250GeV \? 
T= (=) ( ae (15.14) 


Experimental measurements |11] imply that |T| < 1. Kinetic mixing at the 
level of n S O(0.1) is not constrained if Mx is greater than a few hundred 
GeV, and there is essentially no constraint if Mx is greater than about a 
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TeV. This is consistent with the PDG analysis of constraints on other Z’ 
bosons [12]. For lighter Mx, which we will also concern ourselves with, the 
constraint is not difficult to satisfy as long as 7 X O(0.01). 

A pure singlet Higgs boson causes no concern for precision electroweak 
observables, but after mixing the coupling of the Higgs to the gauge bosons 
is shared by two states of different masses. The leading order way to account 
for this is to first recognize that in the SM the Higgs boson mass constraints 
is succinctly summarized as [11] 


log (Myiggs/1 GeV) = 1.9379 79. (15.15) 


When two states, such as ours, mix and share the electroweak coupling, 
this constraint becomes to leading order 


Mp, My 
c? log (4) + s? log (; aa ~ 1.931916 (15.16) 


There is very little difficulty in exploring large regions of parameter space 
where the precision electroweak implications of this multi-Higgs boson 
theory are in agreement with all data [3]. 

Other constraints, such as perturbative unitarity and vacuum stability 
have been analyzed elsewhere [3] and also can be accomodated easily within 
the theory. 


15.5. Example LHC Phenomena of HAHM 


How do we find evidence for HAHM at colliders? The main implication of 
HAHM is the different spectrum it implies compared to the SM spectrum 
of states: 


e The existence of a new gauge boson Z’ that couples to SM states accord- 
ing to the strength of the kinetic mixing parameter. 

e The existence of two CP-even Higgs boson mass eigenstates, both of 
which couple to SM states by virtue of the mixing of the HAHM Higgs 
boson with the SM Higgs boson. 


These two simple qualitative facts, combined with the details of the HAHM 
langrangian enable us to explore many possible interesting implications for 
the LHC. 

In the next few paragraphs I shall discuss a few of these implications. 
The reader should keep in mind that not all cases are simultaneously al- 
lowed by the theory. Each phenomenological manifestation I discuss can 
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be considered the dominant interesting signal in a subset of the parameter 
space, not in all of parameter space. 


Signal #1: Universal suppression of Higgs boson signal 


Let us suppose that the two Higgs bosons mix, such that the lightest 
Higgs boson is mostly SM, and the heavier Higgs boson eigenstate is mostly 
singlet. Let us further suppose that the additional Z’ Higgs boson is suffi- 
ciently heavy or weakly coupled that is has no role in the phenomenology. 
In this case, the primary signal will be that the light Higgs mass eigenstate 
couples to the SM states in exactly the same way as the SM Higgs except 
there is a universal suppression of all interactions due to the mixing angle. 

Thus the cross-section is reduced by a factor of 


o(VV = h)(mp) = Go(VV > hsm)(Ma). (15.17) 


This implies that no state in the spectrum of Higgs bosons has a production 
cross-section as large as the SM Higgs boson, making production, and thus 
detection, more difficult. 

Production is only half of the story when discussing detectability. One 
must also consider how the branching fraction changes. Of course, if there 
is only a universal suppression of couplings, the branching fractions will 
be identical to those of the SM Higgs boson. However, if there are exotic 
matter states in the HAHM model in addition to just the X boson and its 
associated symmetry-breaking ®y boson, the lightest Higgs might decay 
into them. If the exotic states are stable on detector time scales it would 
contribute to the invisible width of the Higgs boson I''!¢, which depends 
on exotic sector couplings, mp and s2. The branching fraction into visible 
states is then reduced and computed by 


le (mn) 


B(h) = ST 
(M) = TSM (my) + mp) 


(15.18) 

The effect of this universal suppression was studied in the context of 
hidden sectors [1] and also in a related context of extra-dimensional theo- 
ries [13]. Of course, this signal is not unique to the HAHM, as any singlet 
Higgs boson that gets a vacuum expectation value could mimic it. How- 
ever, a singlet with a vacuum expectation value is likely to have gauge 
charge, but it is not necessary that it be exclusively abelian and kinetic 
mix with hypercharge. Thus, the universal suppression of the Higgs boson 
phenomenology is more general than just HAHM. 
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Fig. 15.1. Differential cross-section [3] as a function of bbyy invariant mass in H —> 
hh — bbyy production. 


Signal #2: H — hh 


Another broad implication of mixing with a singlet Higgs boson is the 
existence of a heavier Higgs boson that couples to SM states and can decay 
into a pair of lighter Higgs bosons. This has been discussed in detail in the 
context of HAHM [3]. There, an example model was studied where 

my = 300GeV, m_z=115GeV, œ& = a (15.19) 
Thus, the decay of H — hh is kinematically allowed in this case, and the 
relevant branching fraction is B(H —> hh) = 1/3. 

One of the most useful signals to find this decay chain is when one light 
Higgs decays to h — bb, which it is most apt to do, and the other decays to 
the rarer h — yy. The signal is reduced substantially by requiring this lower 
probability bbyy final state, but the background is reduced by even more. It 
is found that with 30 fb~* the total expected signal event rate after relevant 
cuts and identification criteria are applied [3] is 8.2 on a background of 0.3. 
Fig. 15.1 shows the differential cross-section as a function of invariant mass 
of bbyy for these events. 

In the above example the lighter higgs boson is light — right at the edge of 
the current SM limits — and decays preferentially to bb. If the lighter Higgs 
boson is heavier than this, the decay to WW starts to become dominant. 
The cross-over point where B(bb) = B(W*+W-) is about mp = 130 GeV. 
For this case of mp, Z 130 GeV, it is more fruitful to exploit the 4W — 4é@+ 
missing Er signature. An analysis of this final state has been shown [3] to 
be a promising approach to finding H — hh at the LHC. 
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Signal #3: Trans-TeV Narrow Higgs Boson 


Within the SM the Higgs boson becomes so broad when its mass is 
above about 700 GeV that it starts to become meaningless to even call it 
a particle. There is no sense in which a trans-TeV Higgs boson resonance 
can be found within standard Higgs boson phenomenology at the LHC. 
However, in the mixed boson sector induced by HAHM, we find that a 
Higgs boson just like the SM can exist, except its couplings are universally 
suppressed by a factor of s? compared to the SM Higgs boson. Thus, a 
reasonably narrow trans-TeV Higgs boson can be in the spectrum, and can 
be searched for at the LHC. 

The narrowness of the Higgs boson is also correlated with a low pro- 
duction cross-section, and so the biggest challenge is simply getting enough 
events to even analyse. Once they are produced, distinguishing them from 
background is made possible by the very high energy invariant mass and 
transverse mass reconstructions. For example, in Fig. 15.2 the invariant 
mass distribution of lvj7 (missing Er vector used for v) is plotted for the 
signal (H >= WW — lvjj) of amy = 1.1 TeV Higgs boson and compared 
to the distributions of the most significant backgrounds from WW jj and 
ttjj. The cuts we applied were 


pr(e, u) > 100 GeV and |n(e, u)| < 2.0 
Missing Er > 100 GeV 

pr(j,j) > 100GeV and mj; = mw + 20 GeV 
“Tagging jets” with |n| > 2.0 


With 100 fb‘ the signal gives 13 events in the invariant mass range between 
1.0 and 1.3 TeV, compared to a background of 7.7 events. This is obviously 
not “early phase” LHC signal, and it highlights the challenges in finding 
evidence of heavy Higgs bosons from a hidden sector. Nevertheless, it is 
possible to find evidence for it with enough integrated luminosity, which 
the LHC should attain in time. The signal significance will increase when 
all possible channels are included. 

An even more challenging final state to consider is H > ZZ > Ilvv. 
The most significant background is ZZjj. The cuts we applied were 


pr(it,I-) > 100 GeV and |n(I+,1-)| < 2.0 
my = mz +5 GeV 

Missing Er > 100 GeV 

“Tagging jets” with |n| > 2.0 
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Fig. 15.2. Differential cross-section [3] as a function of invariant mass of Lvpjj for the 
signal H — WW — £v7j (solid) and two main backgrounds, WW jj (dashed) and ttjj 
(dotted). 
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Fig. 15.3. Differential cross-section [3] of transverse mass of Z and missing Er for the 
signal H — vv (solid) and the main background ZZjj (dashed). 


Figure 15.3 shows the transverse mass of Z with missing Er for a different 
signal topology (H — ZZ — Kvv) and compared with the most significant 
background, 7Z77. If we restrict ourselves to 0.8TeV < Mr < 1.4TeV 
with 500 fb‘ there are 3.9 signal events compared to 1.4 background events. 
Again, this is not early stage LHC physics. Finding and studying this kind 
of trans-TeV Higgs boson physics should be considered a strong motivation 
for the high-luminosity phase of the LHC. 
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Fig. 15.4. LHC detection prospects [2] in 7 — Mx plane for 100 fb~+ integrated lumi- 
nosity at the LHC. Signal significance exceeds 5 only when 77 = 0.03. 


Signal #4: Searching for Z' resonance 


When the exotic X boson mixes with hypercharge via kinetic mixing, 
the resulting mass eigenstates picks up couplings with the SM states. At 
the LHC one can look for resonance production and decay of this new Z’ 
boson. One of the best approaches expeimentally to finding evidence for 
such a Z’ is to investigate the utu invariant mass spectrum. 

There is a staggeringly large literature on the search for Z’ bosons at 
colliders [14], but usually little emphasis is put on treating the overall cou- 
pling strength as a free parameter that could be very small [15]. Indeed, the 
kinetic mixing is normally expected to be maybe loop level for theories of 
this kind, which would imply a rather small coupling of the Z’ to SM states. 
We studied some of the implications of very weakly coupled Z’ physics for 
the LHC [2]. The summary graph of this study is Fig. 15.4 where it was 
determined that it is very hard for the LHC to probe lower than n ~ 107°, 
which is not particularly constraining to the theory given expectations. 


Signal #5: h = Z'Z' — Al 


In the previous discussion we noted that values of 7 < 107? are not 
very well constrained by the data, nor will they be easily constrained at the 
LHC. Nevertheless, even a tiny value of 7 has important phenomenological 
implications to collider physics. Since a tiny value of 7 < 107? may even 
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be more motivated, it becomes interesting to ask what effect it could still 
have on LHC phenomenology. In a recent paper [4], we showed that a 
light Z’ boson with 7 ~ 1074 could lead to large branching fractions of 
h — Z'Z' — 4f, where the first step h —> Z'Z’ is accomplished by Higgs 
mixing and a sufficiently light Z’ mass, and the last step Z’ > f f is allowed 
merely because 7 Æ 0 and the Z’ must decay. 

The branching fractions of the Z’ depend on several factors in the theory, 
but to illustrate they are shown in Fig. 15.5 for c? = 0.5 and 7 = 1074. The 
branching fraction into four leptons is high enough to exploit its clean sig- 
natures at the LHC. Looking for various invariant mass peaks and making 
various kinematic cuts on the data, the prospects of finding this signature 
at the LHC with only a few fb~‘ are excellent [4] provided the two Higgs 
bosons mix significantly and h — Z'Z’ is kinematically accessible. This 
may even be the channel where the light Higgs boson mass is first discov- 
ered, since it is an easy “gold-plated channel”. Compare that with the very 
difficult normal searches of the Higgs boson with mass ~ 120 GeV, which is 
made even more difficult when its production cross-section is reduced, by 
50% in this case. 


15.6. Beyond the Standard Model and the Hidden World 


The discussion in this chapter has all been about physics that attaches 
itself to the SM relevant operators. However, there are many reasons to 
believe that the SM sector cannot stand alone in the operation of symmetry 
breaking and mass generation. We expect new non-hidden particles, such 
as superpartners and KK excitations, etc., that solve the problems we have 
identified with the SM. Some people wish that we will discover something 
totally new and unexpected. However, it would necessitate a shift in our 
philosophical approach to frontier basic science. 

The LHC is just as much a philosophy experiment as a physics experi- 
ment. The impacting issue is “To what degree can humans discern nature 
from pure thought?” Arguably we have had some success already in the 
past, but would anything in the past compare, for example, to postulat- 
ing that supersymmetry cures the hierarchy problem if it turns out to be 
correct? It would certify that humans can see around the corner and dis- 
cern deep new principles into the energy frontier. If we get that right, 
no idea would be too esoteric, and no scale would be too remote or inac- 
cessible for humans to discuss with confidence and expectation for under- 
standing. 
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Fig. 15.5. The branching ratio [4] of the Z’ boson as a function of its mass for the 
parameters cp = 0.5 and 7 = 1074. 


Thus, I hope and expect that we find new physics that explains by 
principle the stability of the electroweak scale from ideas that we have 
already developed. How does this impact the HAHM discussion presented 
above? First, if it is supersymmetry then it is likely to merely complicate 
the discussion above, as many new states will be produced and will decay 
in the detector, and the number of Higgs bosons will be greater, making 
simple mixing angle factors such as cp from our 2 x 2 matrix into more 
complicated combinations of mixing angles such as co, ce, 9,. The origin of 
the “hidden sector” higgs mixing with MSSM Higgs is most likely to be from 
the renormalizable coupling in the superpotential: SH,,Ha, which yields 
|S|?|H;|?-type couplings in the F-term lagrangian directly analogous to the 
|y |?|®sm|? mixing terms we have discussed here. Thus, the basic ideas 
shine through in the Higgs sector and analyses similar to those discussed 
above can be applicable. 

Of course, if the stability of the electroweak scale is explained by the 
banishment of all fundamental scalars from nature, then additional Higgs 
boson mixing may not be relevant, but perhaps an effective Higgs boson 
mixing theory with composite Higgs bosons would be a useful description. 
This would be highly model dependent, and the data from LHC will have to 
guide us to decide if there is a path by which we can interpret electroweak 
symmetry breaking by effective Higgs boson scalars. If so, looking for a 
Hidden World then would be possible again via couplings to this effective 
Higgs boson. 
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LHCb is a dedicated detector for b physics at the LHC. In this article we 
present a concise review of the detector design and performance together 
with the main physics goals and their relevance for a precise test of the 
Standard Model and search of New Physics beyond it. 


16.1. Introduction 


LHCb is a dedicated b and c-physics precision experiment at the LHC that 
will search for New Physics (NP) beyond the Standard Model (SM) through 
the study of very rare decays of charm and beauty-flavoured hadrons and 
precision measurements of CP-violating observables. At present, one of 
the most mysterious facts in particle physics is that, on the one hand, NP 
is expected in the TeV energy range to solve the hierarchy problem, but, 
on the other hand, no signal of NP has been detected through precision 
tests of the electroweak theory at LEP, SLC, Tevatron or through flavour- 
changing and/or CP-violating processes in K and B decays. In the last 
decade, experiments at B factories have confirmed the validity of the SM 
within the accuracy of the measurements. The domain of precision experi- 
ments in flavour physics has been extended from the rather limited kaon 
sector to the richer and better computable realm of B decays. The main 
conclusion of the first generation of B-decay experiments can be expressed 
by saying that the Cabibbo-Kobayashi-Maskawa (CKM) description [1, 2] 
of flavour-changing processes has been confirmed in b — d transitions at 
the level of 10-20% accuracy [3]. However, NP effects can still be large 
in b > s transitions, modifying the B, mixing phase s measured from 
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Bs > J/y(uu)ġ decays [4], or in channels dominated by other loop dia- 
grams, like, for example, the very rare decay Bs > pty, e.g. via Higgs 
penguin diagrams [5, 6]. Therefore, the challenge of the future b experi- 
ments is to widen the range of measured decays, reaching channels that 
are strongly suppressed in the SM and, more generally, to improve the 
precision of the measurements to achieve the necessary sensitivity to NP 
effects in loops. LHCb will extend the b-physics results from the B factories 
by studying decays of heavier b hadrons, such as Bs or Be, which will be 
copiously produced at the LHC. It will complement the direct search of NP 
at the LHC by providing important information on the NP flavour structure 
through a dedicated detector, optimized for this kind of physics. 

The main physics goals, which will be addressed in this review, 
include: 


e Precision measurements of the CKM matrix elements including a search 
for possible inconsistencies in measurements of the angles and sides of the 
unitarity triangles using suitable decays, which proceed through different 
types of diagrams. A comparison of results from decays dominated by 
tree-level diagrams with those that start at loop level can probe the 
validity of the SM. 

e Measurements of processes that are strongly suppressed in the SM and 
are poorly constrained by existing data, particularly in b — s transitions. 
Such processes, which could be enhanced through the impact of NP, 
include measurements of the B, mixing phase s and of the very rare 
decay Bs > pt pm. 


16.2. b Physics at the LHC: Environment, Background, 
General Trigger Issues 


The LHC will be the world’s most intense source of b hadrons. In proton- 
proton collisions at \/s = 14 TeV, the bb cross section is expected to be 
~ 500 ub producing 10!bb pairs in a standard (107s) year of running at 
the LHCb operational luminosity of 2 x 10°? cm~? sec~+. The large centre of 
mass energy means that a complete spectrum of b hadrons will be available, 
including B(s), Boy mesons and A, baryons. However, less than 1% of all 
inelastic events contain b quarks, hence triggering is a critical issue. 

At the nominal LHC design luminosity of 1034 cm~? sec~!, multiple pp 
collisions within the same bunch crossing (so-called pile-up) would signifi- 
cantly complicate the b production and decay-vertex reconstruction. For 
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this reason the luminosity at LHCb will be locally controlled by appro- 
priately focusing the beam to yield a mean value within L = 2-5 x 
10°? cm7? sec~!, at which most events have a single pp interaction. This 
matches well with the expected LHC conditions during the start-up phase. 
Furthermore, running at relatively low luminosity reduces the detector 
occupancy of the tracking systems and limits radiation damage effects. 

The dominant bb production mechanism at the LHC is through gluon 
fusion in which the momenta of the incoming partons are strongly asym- 
metric in the laboratory frame. As a consequence, the centre of mass 
energy of the produced bb pair is boosted along the direction of the higher 
momentum gluon, and both b hadrons are produced in the same forward 
(or backward) direction. The detector is therefore designed as a single arm 
forward spectrometer covering the pseudorapidity range 1.9 < 7 < 4.9, 
which ensures a high geometric efficiency for detecting all the decay parti- 
cles from one b hadron together with a decay particle from the accompany- 
ing b hadron to be used as a flavour tag. A modification to the LHC optics, 
displacing the interaction point by 11.25 m from the centre, has permitted 
maximum use to be made of the existing cavern by freeing 19.7 m for the 
LHCb detector components. 

A detector design based on a forward spectrometer offers further advant- 
ages: b hadrons are expected to have a hard momentum spectrum in the 
forward region; their average momentum is ~ 80 GeV/c, corresponding to 
approximately 7 mm mean decay distance, which facilitates the separation 
between primary and decay vertices. This property, coupled to the excellent 
vertex resolution capabilities, allows proper time to be measured with a 
few percent uncertainty, which is crucial for studying CP violation and 
oscillations with B, mesons, because of their high oscillation frequency. 
Furthermore, the forward, open geometry allows the vertex detector to be 
positioned very close to the beams and facilitates detector installation and 
maintenance. In particular, the silicon detector sensors, housed, like Roman 
pots, in a secondary vacuum, are positioned within ~ 8 mm from the beam 
during stable running conditions. They are split in two halves that are 
retracted by ~ 3 cm during injection. 

Figure 16.1 illustrates the LHCb acceptance in the plane (n, pr) of the 
b hadrons in comparison to that of ATLAS and CMS: ATLAS and CMS 
cover a pseudorapidity range of |7| < 2.5 and rely on high-pr lepton triggers. 
LHCb relies on much lower pr triggers, which are efficient also for purely 
hadronic decays. Most of the ATLAS and CMS b-physics programme will 
be pursued during the first few years of operation, for luminosities of order 
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Fig. 16.1. b hadron transverse momentum pry as a function of the pseudorapidity n, 
showing the (7, pr) regions covered by ATLAS and CMS, compared to that covered by 
LHCb. 


1033 cm7? sect. Once LHC reaches its design luminosity, b physics will 
become exceedingly difficult for ATLAS and CMS due to the large pile-up 
(~ 20 interactions per bunch crossing, on average), except for very few 
specific channels characterized by a simple signature, like Bs > pp. 


16.3. Detector Description and Performance 


The key features of the LHCb detector are: 


A versatile trigger scheme efficient for both leptonic and hadronic final 

states, which is able to cope with a variety of modes with small branching 

fractions; 

e Excellent vertex and proper time resolution; 

e Precise particle identification (ID), specifically: hadron 7/K separation, 
and lepton e/ ID; 

e Precise invariant mass reconstruction to efficiently reject background due 

to random combinations of tracks. This implies a high momentum reso- 

lution. 


A schematic layout is shown in Fig. 16.2. It consists of a vertex locator 
(VELO) [7, 8], a charge particle tracking system with a large aperture dipole 
magnet [9], aerogel and gas Ring Imaging Cherenkov counters (RICH) 
[8, 10], electromagnetic (ECAL) and hadronic (HCAL) calorimeters [11] 
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Fig. 16.2. Side view of the LHCb detector showing the Vertex Locator (VELO), the 
dipole magnet, the two RICH detectors, the four tracking stations TT and T1-T3, 
the Scintillating Pad Detector (SPD), Preshower (PS), Electromagnetic (ECAL) and 
Hadronic (HCAL) calorimeters, and the five muon stations M1-M5. 


and a muon system [12]. In the following, the most salient features of the 
LHCb detector are described in more detail. 


16.3.1. Trigger 


One of the most critical elements of LHCb is the trigger system [13]. At 
the chosen LHCb nominal luminosity, taking into account the LHC bunch 
crossing structure, the rate of events with at least two particles in the LHCb 
acceptance is ~ 10 MHz (instead of the nominal 40 MHz LHC crossing 
rate). The rate of events containing b quarks is ~ 100 kHz while the rate of 
events containing c quarks is much larger (~ 600 kHz). However the rate 
of ‘interesting’ events is just a very small fraction of the total rate (~ Hz), 
hence the need for a highly selective and efficient trigger. 

The LHCb trigger exploits the fact that b hadrons are long-lived, result- 
ing in well separated primary and secondary vertices, and have a relatively 
large mass, resulting in decay products with large pr. 

The LHCb trigger consists of two levels: Level0 (LO) and High Level 
Trigger (HLT). LO, implemented on custom boards, is designed to reduce 
the input rate to 1 MHz at a fixed latency of 4 us. At this rate, events are 
sent to a computer farm with up to ~ 2000 multi-processor boxes where 
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several HLT software algorithms are executed. The HLT, which has access 
to the full detector information, reduces the rate from 1 MHz to ~ 2 kHz. 

LO, based on calorimeter and muon chamber information, selects muons, 
electrons, photons or hadrons above a given pr or Er threshold, typically 
in the range 1 to 4 GeV. A pile-up trigger system is also foreseen: two dedi- 
cated silicon disks located upstream of the VELO are used to reconstruct 
the longitudinal position of the interaction vertices and reject events with 
two or more such vertices, thus reducing the processing time on the remain- 
ing events as well as simplifying the offline analysis. However, if two muon 
candidates are found with Upp > 1.3 GeV/c, the pile-up is overridden; for 
this reason the LO efficiency for B decays with two muons is very high inde- 
pendently of the instantaneous luminosity. The LO hadron trigger occupies 
most of the bandwidth (~ 700 kHz) and is unique within the LHC experi- 
ments. The muon triggers (single and double) select ~ 200 kHz, while the 
rest of the bandwidth is due to the electromagnetic calorimeter triggers. 
Typically, the LO efficiency is ~50% for hadronic channels, ~ 90% for muon 
channels and ~ 70% for radiative channels, normalized to offline selected 
events. 

The HLT algorithms are designed to be fast and simple to understand 
in terms of systematic uncertainties. This is realized by reconstructing for 
each trigger only a few tracks, which are used for the final decision. The 
HLT comprises several paths (alleys) to confirm and progressively refine 
the LO decision, followed by inclusive and exclusive selections. The choice 
of the alley depends on the LO decision. For instance, if LO triggers because 
of a hadron candidate (LO-h), a unique feature of LHCb, the trigger rate 
is further reduced by confirming the LO-h using the VELO. The candidate 
is then matched to a segment in the tracking stations and if it has pr 
and impact parameter above given thresholds, the event is sent to the 
inclusive/exclusive HLT selections. If these conditions are not satisfied, 
but a second ‘companion’ track is found in the VELO, which forms a good 
secondary vertex with the previous candidate, the event is also sent to 
the inclusive/exclusive HLT selections. Similar algorithms are applied to 
the other LO decisions: L0-u, LO-e and LO-y. The average execution time 
is few ms, which matches with the expected size of the CPU farm. The 
total trigger rate after the HLT is ~2 kHz, a relatively high rate that 
also includes calibration samples to be used to understand the detector 
performance. The total rate can be approximately subdivided in ~ 200 Hz 
from the exclusive selections, ~ 300 Hz from the inclusive D* selection, 
also usable for particle identification efficiency studies, ~ 600 Hz from the 
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inclusive di-muon selection without impact parameter cuts, also usable to 
calibrate the proper time distribution, and ~ 900 Hz from the inclusive 
muon selection for calibration of the trigger and tagging performance. 

Overall, the combined trigger efficiency (LO + HLT) is expected to be 
~30% for hadronic channels (Bis) > hh, Bs — Dsh, etc.), ~40% for 
channels with photons (B — K* 7, Bs > ¢ġy, etc.), ~70% for channels 
with muons (Bs — J/¢(up)d, etc.), and ~90% for simple channels as 
Bs — up, normalized to offline selected events. 


16.3.2. VELO and tracking system 


The LHCb tracking system consists of a warm dipole magnet, which gener- 
ates a magnetic field integral of ~ 4 Tm, four tracking stations [14, 15] and 
the VELO. The first tracking station located upstream of the magnet con- 
sists of four layers of silicon strip detectors. The remaining three stations 
downstream of the magnet are each constructed from four double-layers 
of straw tubes in the outer region, covering most (~ 98%) of the tracker 
area, and silicon strips in the area closer to the beam pipe (~ 2%). How- 
ever, ~ 20% of the charged particles traversing the detector go through the 
silicon inner tracker, due to the forward-peaked multiplicity distribution. 
The expected momentum resolution, displayed in Fig. 16.3(a) as a function 
of momentum, increases from dp/p ~ 0.35% for low momentum tracks to 
0.55% at the upper end of the momentum spectrum. 
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vertex: (a) momentum resolution as a function of track momentum, (b) impact parame- 
ter resolution as a function of 1/pr. For comparison, the p and 1/pr spectra of b-decay 
particles are also shown in the bottom plots. 
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This translates into an invariant mass resolution of ÂM ~ 20 MeV/c? 
for B(s) decays into two charged tracks, like Bs — uu, substantially better 
than in the General-Purpose detectors at LHC. 

The VELO consists of 21 stations, each made of two silicon half disks, 
which measure the radial and azimuthal coordinates. The VELO has the 
unique feature of being located at a very close distance from the beam line 
(~ 0.8 cm), inside a vacuum vessel, separated from the beam vacuum by 
a thin aluminum foil. This allows an impressive vertex resolution to be 
achieved, translating, for instance, in a proper time resolution of ~ 36 fs 
for the decay Bs > J/¢ (jus), i.e. a factor of ten smaller than the Bs 
oscillation period and a factor of two better than in the General-Purpose 
detectors. The resolution on the impact parameter can be parameterized 
as AIP ~ 14m + 35um/pr, as shown in Fig. 16.3(b). 


16.3.3. Particle identification 


Particle identification is provided by the two RICH detectors and the 
Calorimeter and Muon systems. The RICH system is one of the crucial 
components of the LHCb detector. The first RICH, located upstream 
of the magnet, employs two radiators, C4Fio gas and aerogel, ensuring 
a good 7/K separation in the momentum range from 2 to 60 GeV/c. A 
second RICH in front of the calorimeters, uses a CF4 gas radiator and 
extends the momentum coverage up to ~ 100 GeV/c. The calorimeter 
system comprises a pre-shower detector consisting of 2.5 radiation length 
lead sheet sandwiched between two scintillator plates, a 25 radiation length 
lead-scintillator electromagnetic calorimeter of the shashlik type and a 5.6 
interaction length iron-scintillator hadron calorimeter. The muon detec- 
tor consists of five muon stations equipped with multiwire proportional 
chambers, with the exception of the centre of the first station, which uses 
triple-GEM detectors. 

Electrons, photons and 7°s are identified using the Calorimeter sys- 
tem. The average electron identification efficiency in the ECAL acceptance 
extracted from J/w — ete” decays is ~ 95% for a pion misidentification 
rate of ~0.7%. Muons are identified using the muon detector with an aver- 
age efficiency in the acceptance extracted from J/wW — pp decays of ~ 93% 
for a pion misidentification rate of ~1%. 

The RICH system provides a clean separation of hadron types, as well 
as some separation between leptons and hadrons, which is used to improve 
the overall particle identification performance. An example of the ability to 
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Fig. 16.4. Kaon identification efficiency and pion misidentification rate as a function 
of momentum, for two different values of A In Lx, indicated by histograms and points, 
respectively. 


identify kaons using the RICH system is shown in Fig. 16.4. By changing 
the cut on the likelihood difference between the “K hypothesis” and the “r 
hypothesis,” the pion misidentification rate can be reduced, thus improving 
the purity of the selected sample, at the cost of some loss in the kaon 
identification efficiency. The trade-off between efficiency and purity can 
be adjusted according to the needs of individual analyses. For instance, a 
strong reduction in pion contamination is crucial to be able to separate the 
decay Bs — D,K from the 15 times more abundant Bs > D,r. 


16.4. Physics Objectives 


The objective of the earliest running phase is to complete the commission- 
ing of the sub-detectors and of the trigger, which includes time and space 
alignment, calibration of momentum, energy and particle identification. An 
integrated luminosity of ~0.5 fb~', which should be collected during the 
first year of physics running, will already allow LHCb to perform a number 
of very significant measurements, with the potential of revealing NP effects, 
such as the measurement of the Bs mixing phase ¢,, or the search of the 
decay B, — upu beyond the limit set by CDF and DO. In subsequent years, 
the experiment will develop its full physics programme, and plans are to 
accumulate an integrated luminosity of ~ 10 fb~!. Such a data sample will, 
for example, allow LHCb to improve the error on the CKM angle y by a 
factor of ~ five, and probe NP in rare B meson decays with electroweak, 
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radiative and hadronic penguin modes. In the following, after a brief intro- 
duction of the necessary formalism, some selected physics highlights are 
reviewed that are of particular relevance for NP discovery. A description 
of the other LHCb physics goals and sensitivity can be found in Ref. [8]. 


16.4.1. Introduction of formalism 


In the SM the unitary matrix Vox yy arises from a misalignment of the 
flavour and mass eigenstate basis [1, 2]: D’ = Vorm D, where 


Vua Vus Vub 
Vexm =| Vea Ves Væ 
Via Vis Vio 


and D'T = (d',s',b') and DT = (d,s,b) are the flavour and mass eigen- 
states, respectively. After applying unitarity constraints and using the 
freedom of redefining the relative quark phases, the matrix Vcg m depends 
on three mixing angles and one phase, which is the unique source of CP 
violation in the SM. The unitarity of the matrix implies 7, Vi; V% = 0 for 
j #k. Each of these six unitarity constraints can be seen as the sum of three 
complex numbers, closing a triangle in the complex plane. One of these rela- 
tions, for j = d and k = b (db unitarity triangle) is of particular interest as 
it applies directly to b decays and is given by: Vua Vga + Vea Væ + Via Va = 0. 
This relation defines the angles a, 6 and y commonly used in the literature. 
Their general expression is: 


a = arg (7i) , P=arg (=) and y= arg (=) : 
ud V ub tb ca" cb 


The unitarity relation with j = u and k = t (ut unitarity triangle) is of 
special relevance for the physics of the B, mesons, of particular interest for 
the LHCb experiment: Vaa Vig + Vus Vi + Vub Va = 0. It defines a triangle 
with angles very similar to those of the db unitarity triangle, except for a 
small shift: G+ @, and y — 8s, where 8s is defined as: 


i 


s = arg | —2 cs 
# “(538 


A useful parameterization of the CKM matrix for phenomenological appli- 
cations is that of Wolfenstein [16]. This parameterization corresponds to 
an expansion in terms of sin 0e = À ~ 0.22, where 0e is the Cabibbo angle, 
with three additional real parameters p, 7, A. If one takes this expansion 
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up to O(A*), only three CKM elements have an imaginary part: Via, Vis 
and Vu and in the SM all phases are proportional to 7. One has: 


n — A*/2) ) 


B oe a arg(Via) 7x arctan (oe 


Bs = arg(Vis) — 7 © A? 
y% —arg(Vuj) © arctan (2) : 


In the SM the Bis) — Bos) transitions arise from box diagrams; the off- 
diagonal elements of the mass matrix Mı2 = M3, (in the Bis), Bis) basis) 
are given by the box diagram amplitude and are dominated by t-quark 
exchange. Additional contributions from NP are not excluded and could 
make the result deviate from the SM prediction. On the other hand, the 
off-diagonal element of the width matrix T12 is given by the absorptive 
part of the box diagram amplitude and is dominated by real final states to 
which both B(s) and Bos) can decay and is less sensitive to NP. In the SM 
and adopting the Wolfenstein parameterization, the phase of M12 reduces 
to the box diagram phase ¢g = —2arg (ViVe) z~ 26 for the B system, 
and ģs = 2arg (Vis Vý) x% —2ß, for the Bs system. The SM values of 
@aq,s are precisely predicted, therefore any significant deviation from the 
SM value would be a signal of NP. The decays of the neutral B(s) mesons 
to CP eigenstates like B > J/WK, or Bs —> J/wWd, which are dominantly 
produced by the b — c tree transition, are perfectly suited to measure the 
phase ¢g,, in the box diagram, as the only complex coupling involved is 
Via(s). Processes like B + D**r* or Bs > D> KF measure the sum of the 
mixing phase ġa, and the V,,, phase, i.e. the angle y, through interference 
between the decays where the B(s) has or not oscillated. 

These measurements will be illustrated in some more detail in the fol- 
lowing sections. 


16.4.2. Measurement of the Bs, mixing phase Qs 


The most promising channel [4] to measure the Bs mixing phase ¢, is 
B; > J/y(—> UI) 6(— K+K). The final state f = J/wé can be a CP 
eigenstate with eigenvalue nf = +1. The ‘plus’ sign applies to an orbital 


angular momentum / = 0 or 2, while the ‘minus’ sign is for l = 1. What is 
to be measured is the time-dependent CP violating asymmetry defined as: 
AgP(g) = Bas — Tam sl) 

i Ts) + Part) 
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Fig. 16.5. Box diagram contributing to the Bs mixing in the SM. 


A tagging method is needed to attribute each event to either B, or B, 
decays. The time t is the proper time of the decaying B, or B, counted from 
the production time of the pair at t = 0. The two interfering amplitudes 
are for a Bs (Bs) to decay directly into f or to first mix into Bs (Bs) (see 
Fig. 16.5) and then decay. The complex parameter that determines the 
interference pattern is Àf = ass, where q and p are the complex numbers 
describing the state mixing, while Ay and As are the decay amplitudes. 
For this particular process, |q/p| = 1 (i.e. no CP violation in the B, — By 
oscillations) and |A¢/A;| = 1 (i.e. no CP violation in the decay amplitudes) 
with very good approximation, so that Af is a pure phase. In the SM, the 
decay phase ġa from the ratio Ay/Ay is negligible, because the dominant 
contribution is from a diagram that is real. The remaining phase from q/p 
is determined from the box diagram and is given by Af © npe*?s (CP 
violation in the interplay between the mixing and decay amplitudes). In 
this case the time-dependent CP violation amplitude reduces to: 


ny sin ds sin(Amst) 


DEY a eS ee NE 
crt) cosh(ATst/2) — np cos ds sinh( AT st/2) ’ 


where Am, and AT, are the difference between the mass and widths of the 
two B, mass eigenstates, following the sign conventions of [17]. 

Flavour tagging dilutes the measured CP asymmetry through a factor 
D = (1 — 2wtag), where wtag is the probability of having the wrong iden- 
tification (Wag = 1/2 if there is no tag). Flavour tagging is performed 
reconstructing the charge of the b hadron accompanying the B meson under 
study (opposite side tag) from its decay products, ie. leptons, kaons, as 
well as the charge of the inclusive secondary vertex. Moreover Bs (B) 
mesons can be tagged by exploiting the correlation with charged kaons 
(pions) produced in the fragmentation decay chain (same side tag). These 
taggers are combined in a neural network. The effective tagging efficiency 
(Eeff = Etag D?), which is the figure of merit for the tagging power, varies 
between 7-9% for B, (4-5% for B) [18]. 
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The J/w¢ final state is a sum of CP eigenstates and each contribution 
can be disentangled on a statistical basis. This is realized by performing 
an analysis based on the so-called transversity angle, defined as the angle 
between the positive lepton and the @ decay plane in the J/1) rest frame [4]. 
The phase ¢, is determined through a simultaneous fit to the proper time 
and transversity angle distributions, as well as to the proper time distri- 
bution of a control sample of Bs — Dsm decays, which is used to extract 
Am, and the tagging efficiency. Recently, the CDF and DO collaborations 
have reported a first indication of the mixing phase: ¢, € [0.32, 2.82] at 
68% C.L. and ¢, = 0.57+9:26 using ~ 2k B, > J/wd¢ signal candidates at 
CDF and DO [19, 20]. The combined result [21] deviates from the SM pre- 
diction (¢, = —0.04 radians) by ~ 30. LHCb expects [22] approximately 
130k B, — J/w¢@ signal events in 2 fb~! of data with a background over 
signal ratio B/S ~ 0.1. The phase ¢, can also be extracted from pure CP 
eigenstates, such as Bs — J/w n or Bs —> neo, which do not require an 
angular analysis, but for which the statistics is much lower. Combining 
all these modes, the expected statistical sensitivity on s is 0.021 (0.009) 
radians with 2(10) fb~! of data [22, 23], i.e. one (five) nominal year(s), 
which corresponds to a ~ 2a (~ 40) measurement assuming the SM value. 


16.4.3. Bs — pọ as a probe for new physics 


The discussion of the process Bs — ġġ proceeds along similar lines as for 
Bs + J/pġ. The final state f is again a sum of different CP eigenstates 
a At 


p Ay’ 
where p and q are the same as before, while Ay refers to the amplitude for 
f = ġġ. The crucial difference is however that in this case the dominant 
decay amplitude Ap is a penguin diagram with top exchange (as shown in 


Fig. 16.6), so that the decay phase ġ4 is not negligible. Indeed it turns out 


with nf = +1 and the relevant complex parameter is of the form Af = 


W- 
7 p 54 l 
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(o 
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| 


Fig. 16.6. Penguin diagram contributing to the Bs — ġġ decay in the SM. 
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that in the SM there is a complete cancellation between ¢, and ġa (for the 
dominant penguin with top exchange) [24]: 


SM (Bs > $0) © 2arg( Vă Væ) — arg(Vo Vä / Vý Vis) = 0. 


Therefore this process is particularly sensitive to NP, which can intro- 
duce new CP-violating phases in the penguin decay and/or B, mixing. 
When combining with the decay Bs — J/pọ, one can disentangle NP 
contributions in B, mixing and decay. LHCb expects approximately 3.1k 
signal events in 2 fb™t of data with a background over signal ratio B/S < 
0.8 at 90% C.L. From the time-dependent angular distribution of flavour- 
tagged events, the phase ¢, can be measured with a statistical precision 
ao(s) = 0.11 (0.05) with 2(10) fb~! of data [25]. 


16.4.4. Measurement of the weak decay-phase y from tree- 
level processes 


The weak phase y + ¢, can be measured at LHCb from a time-dependent 
CP asymmetry analysis of the decay Bs ~ DF K= (see Fig. 16.7) [26]. As 
a B, and a B, can both decay as DIK Z, there is interference between 
the B, decays where the B, has or not oscillated. The intrinsic theoretical 
uncertainty in the extraction of y is estimated to be ~ 0.1%, so that this 
is not a limiting factor for the measurement. Contrary to the equivalent 
channel in the B system, ie. B — D)+n7, the decay amplitudes for 
the b — c and b — u transitions are both of O(A) and their ratio can be 
extracted from data, allowing a clean determination of the CP angle ¢,+7. 


The main issue is separating the decay Bs — DI K= from the very similar 


decay Bs — Dfa*, with a ~15 times larger branching ratio. Here, use 
of the RICH system crucially allows the background contamination to be 


reduced down to ~ 15%. The unique capability of the LHCb trigger to select 
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Fig. 16.7. Feynman diagrams for Bs > D; K+ and B, — DK- in the SM. 
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Fig. 16.8. Feynman diagrams for BT — DK- and B7 — DKC- in the SM. In the 
left diagram all colourless configurations of the s and ŭ are allowed (coloured-favoured 
diagram). In the right diagram the W~ decay products are split to form the D and 
K- and therefore the colour is constrained by the colour of the initial b and & quarks 
(colour-suppressed diagram). 


hadronic decays is instrumental to collecting a sufficient statistics. It is 
estimated that LHCb will select 31k events for 10 fb~! with a combinatorial 
background to signal ratio B/S < 0.2. The estimated precision on y for the 
same integrated luminosity is ~ 4.6° (i.e. a ~ 7% uncertainty), assuming 
that @, is known from the measurements described in the previous section 
(27, 28]. 

Alternatively, y can be extracted from B= decays to open charm, as 
done by BaBar and Belle, where a precision of ~ 20° was achieved through 
this method [29, 30]. From the experimental point of view, this analysis is 
much simpler as no flavour tagging or time-dependent analysis is required. 
Various methods using B* — (D/D)K* decays have been proposed. All of 
them are based on two key observations: (1) The decay B+ —> (D/D)K+* 
can produce neutral D mesons of both flavours via colour-favoured or 
colour-suppressed decays (see Fig. 16.8). (2) Neutral D and D mesons 
can decay to a common final state, for example through Cabibbo-favoured 
or doubly Cabibbo-suppressed Feynman diagrams (ADS method) [31] or 
through decays to CP eigenstates such as KK- or +z (GLW method) 
[32-34]. In the ADS case, the reversed suppression between B and D decays 
results in very similar amplitudes leading to a high sensitivity to y. The 
relative phase between the two interfering amplitudes for Bt — DK+ 
and B+ — DK* is the sum of the strong and weak interaction phases, 
while in the case of B7 — DK~ and B7 — DKC- the relative phase 
is the difference between the strong phase and y. Therefore both phases 
can be extracted by measuring the two charge conjugate modes. The fea- 
sibility of this measurement crucially depends on the size of the ratio: 
rp = |A(Bt — DKt)|/|A(Bt — DKt*)|. The rg value is given by 
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the ratio of the CKM matrix elements involved |V,4,Ves|/|V,Vus| times a 
colour suppression factor, and is estimated to be in the range 0.1—0.2. The 
three-body final state of the D meson can also be used through a Dalitz 
plot analysis that allows one to obtain all information required for the 
determination of y with a single decay mode [35, 36]. In particular, LHCb 
has studied the B+ — D/D(Kr)K* and B+ — D/D(Krr)K* modes. 
Assuming rg ~ 0.15, ~ 300k (2.5k) events are selected for 10 fb~+ in the 
favoured (suppressed) modes, with B/S ~ 0.3(~2). From these modes 
LHCb estimates a precision on y in the range (2-6)°, depending on the D 
strong phase, with 10 fb~! of data [37-39]. 

A similar precision can be achieved with the neutral B-decay modes 
B — D(Kn)K*(Kr), B > Dop(KK/rn)K*(Kr) and their charge con- 
jugate modes, where Dop denotes the CP even eigenstate mode. These 
modes are self-tagged, as the B flavour is determined by the K charge in 
the K* decay, while the D flavour is determined by the K charge in the 
D decay. It is expected [40] that the experiment will select ~ 19k events 
from the B — DK* mode summing over the four possible flavour combina- 
tions (with B/S ~ 0.4-10) and ~ 3k events from the CP eigenstate channel 
(B/S <~ 4), assuming rp ~ 0.4, with 10 fb~! of data. 

Combining all these different techniques, the final LHCb precision on y 
is expected to be ~ 2.4°, with 10 fb~! of data [41]. 

Figure 16.9 shows the direct measurement of y from the B factories 
(y = 83° + 19°) and the indirect determination [27] from the rest of the 
CP measurements available in 2006 (y = 64.1° + 4.6°), as well as a future 


loops 
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Fig. 16.9. (a) Direct measurements of y using only “tree diagrams” as measured re- 

cently. (b) Comparison of a hypothetical LHCb direct measurement of y and a recent 

indirect determination. A discrepancy would indicate the presence of NP in loops affect- 

ing the indirect determination. 
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Fig. 16.10. Example of Feynman diagram for b > sy. 


scenario where the precision achieved by LHCb reveals NP effects as a 
disagreement between these two determinations. 


16.4.5. Example of radiative penguins: Bs — dy 


The flavour-changing neutral current transition b —> sy (see Fig. 16.10) is 
among the most valuable probes of NP models, in particular those where the 
flavour-violating chiral transition of the amplitude is not suppressed [42-44]. 
Inclusive measurements of B — X,sy, which can be computed using per- 
turbation theory, cannot be performed at LHCb. However, many exclusive 
measurements, like Bs > (K+ K—)y, are well suited to the LHCb detector 
capabilities. The CP asymmetry for this decay can be expressed as: 


C cos(Amst) + S sin(Amst) 


A t a 
opij =- ga sinh(AT,t/2) + cosh( AT st /2) ’ 


The prediction for S is dominated by the electromagnetic dipole operator, 
and precisely known in the SM: Sz, = —0.1 + 0.1%. BaBar and Belle 
have measured a similar quantity in the B > K*(K,7°)y decay and it is 
consistent with the SM prediction [45, 46], however with large uncertainties: 
ASk,7 ~ 40% with samples of ~ 150 events. LHCb expects [47] to collect 
36k (6k) events per fb~! in B > K*(K*t1~ )y (Bs > ¢(K*K~—)y) decays 
with B/S ~ 0.7 (0.9). In LHCb the B — K*y decays can be used as control 
channel, while the time-dependent CP asymmetry, which is sensitive to the 
photon polarization, can be measured in Bs — ġy decays, provided that the 
proper time resolution is sufficient to resolve the B, oscillations. The proper 
time resolution depends on the kinematics and topology of the particular B, 
candidates: mainly on the opening angle between kaons from the ¢ decay. 
LHCb should be able to measure Sy, with a precision of AS¢, ~ 5% with 
10 fb~! of data [48]. 
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Fig. 16.11. Example of Feynman diagram of b — sltI~. 


16.4.6. Example of an electroweak penguin: B — K* pp 


In the SM, the decays b — slt cannot occur at tree level but only 
through electroweak penguin diagrams with small branching fractions, e.g. 
BR(B > K*pp) ~ 1.2 x 10~® (see Fig. 16.11). The B — K*pp channel 
is well suited to searches for NP, because most NP scenarios make definite 
predictions for the forward-backward asymmetry Arg of the angular dis- 
tribution of the u relative to the B direction in the di-muon rest frame as 
a function of the di-muon invariant mass m,,,. In particular, the value of 
Mupu for which Apg becomes zero is predicted with small theoretical uncer- 
tainties and may thus provide a stringent test of the SM [49]. The B factory 
experiments BaBar and Belle have succeeded in measuring several observ- 
ables for this exclusive decay: branching fraction, di-lepton angular asym- 
metry Arg vs di-lepton q?, K* longitudinal polarization vs di-lepton q? and 
fits of the d?°T /d cos @dq? distribution to extract the relevant Wilson coeffi- 
cients, with a precision comparable to what LHCb can do with ~ 0.07 fb7! 
of data. 

This exclusive decay can be triggered and reconstructed in LHCb with 
high efficiency [50], because of the clear di-muon signature and K/7 separa- 
tion provided by the RICH detectors. Moreover, the invariant mass of the 
di-muon system is measured with an excellent resolution (o ~ 14 MeV/c’). 
The selection criteria including the trigger have an efficiency of ~ 1%, lead- 
ing to an expectation of ~ 7k signal events for an integrated luminosity of 
2 fb~! and a background over signal ratio of ~ 0.5 in a +50 MeV/c? mass 
window around the B mass and +100 MeV/c? window around the K* mass. 
About half of the background is estimated from an upper limit to the (not 
yet observed) non-resonant B > Kta7~ptp~ decay, which constitutes an 
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Fig. 16.12. A®) (left) and Fy, 7 (right) as a function of the di-muon mass. Also shown 


on the left plot is the SM NLO prediction for Ag?) with its uncertainty (horizontal band), 
and the predictions from the MSSM with MFV and tan 8 = 5 (green and blue lines). 
The grey-shaded region is excluded as theory is not reliable at low q?. The right plot 
shows the SM prediction for Fy, 7 and its uncertainty. 


irreducible background, while the other half originates from events with 
two semileptonic B decays. 

In addition to measuring Arg [51], LHCb will have enough statistics 
to extract the transversity amplitudes [52, 53] Ao, Aj and A,, through 
differential distribution defined in terms of g?, the invariant mass square 
of the di-muon candidates, 6), the angle between the u* and the B in the 
di-muon rest frame, 0x, the angle between the K and the B in the Kr 
rest frame, and w, the angle between the normal to the planes defined by 
the di-lepton and Kr systems in the B rest frame. Figure 16.12 shows 
an example of the LHCb sensitivity to the measurements of AP (4?) = 
(ALP — (JAy|?)/(ALl? + (A|), which is sensitive to new sources of 
right-handed currents, and the fraction of K* polarization: Fy,(q?) = 
| Ao|?/(|Ao|? +|A1|? + (|Ay|?). Figure 16.12 also shows the SM NLO predic- 
tion with its uncertainty, and the predictions from the MSSM with Minimal 
Flavour Violation (MFV) and tan 8 = 5. The fact that these measurements 
are sensitive to SUSY with low tan values shows the complementarity 
with the Bs — uu measurement, which is sensitive to models with large 
tan Ø, as explained in the next section. Unfortunately, in the more sensitive 
region q? < 1 (GeV/c?)? the theory is not very reliable. In the theoreti- 
cally favoured region, away from the photon pole, q? > 1 (GeV/c?)?, and 
below the charm resonances, q? < 6 (GeV/c?)?, the resolution in AY) is 
0.42 (0.16) and the resolution in Fz is 0.016 (0.007) with 2 fb~! (10 fb~+) 
of integrated luminosity [54]. 
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Fig. 16.13. Examples of Feynman diagram for Bs > wtp. 


16.4.7. Example of a Higgs-penguin: Bs > wt u7 


The decay Bs — pty has been identified as a very interesting poten- 
tial constraint on the parameter space of models for physics beyond the 
SM [5, 6]. The upper limit to the Bs — utu branching ratio measured 
at the Tevatron [55, 56] is 4.7 x 1078 at 90% C.L. The SM prediction 
is computed [57] to be BR(B, > pty) = (3.35 + 0.32)10~° using 
the latest measurement of the B, oscillation frequency at the Tevatron 
(AM, = 17.8 + 0.1 ps~+) [58], which significantly reduces the uncer- 
tainties in the SM prediction. Within the SM, this decay is dominated 
by a “Z/Higgs-penguin” diagram (Fig. 16.13(left)), while the contribu- 
tion from the “box” diagram (Fig. 16.13(right)) is suppressed by a fac- 
tor ~(M,,/m;)?. Moreover, the decay is helicity suppressed by a factor 
~(mi/mps)*, hence it is very sensitive to any NP with new scalar or 


pseudoscalar interactions, in particular to any model with an extended 
Higgs sector. 

In the MSSM this branching ratio is known to increase as the sixth 
power of tan 8 = v,/va, the ratio of the two Higgs vacuum expectation 
values. Any improvement to this limit is therefore particularly important 
for models with large tan 8. For instance, Fig. 16.14 shows the values 
of tan and My, the mass of the CP odd neutral Higgs, preferred by a 
global fit to several measurements within one particular realization [59] of 
the MSSM. The best fit position is largely dominated by the present 3.40 
discrepancy in the measured anomalous magnetic moment of the muon. As 
a consequence, if such a discrepancy is not due to a statistical fluctuation, 
a sizable enhancement of the branching ratio is expected in this model, i.e. 
BR(B, > wtp) ~ 1078. 

The large background expected in the search for the decay Bs > pt u~ 
is largely dominated by random combinations of two muons originating from 
two distinct b decays. This background can be kept under control by ex- 
ploiting the excellent tracking and vertexing capabilities of LHCb. Specific 
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Fig. 16.14. Best fit and x? contours in the plane (M4, tan 8) from the fit in Ref. [59] to 
several observables, including the anomalous magnetic moment of the muon. The orange 
lines indicate the excluded region when BR(Bs —> wtyu~) < 1077 (21078) (5107). 


decays, such as Bis) > hth~, where the hadrons (h) are misidentified as 
u, or Be > J/y(u* pw )uv, do not contribute to the background at a signif- 
icant level, compared to the combinatorial background, due to the very low 
u misidentification rate (~ 0.5%) and excellent invariant mass resolution 
(a ~ 20 MeV/c?). The LHCb trigger selects the signal very efficiently: the 
total trigger efficiency, LO + HLT, is larger than 90%, normalized to the 
offline selected events. 

The expected reach for exclusion at 90% C.L. of a given branching ratio 
if only background is observed, is also shown in Fig. 16.14. LHCb has 
the potential to exclude the interesting region with very little luminosity 
(~0.4 fbt), and to make a 30 (5c) observation (discovery) of the SM 
prediction with ~ 2 fb~ (~6 fb~‘) of data [60]. 


16.5. Conclusions and Outlook 


The large bb production cross section at the LHC provides a unique oppor- 
tunity to study in detail CP violation and rare b decays. In particular, 
production of B, mesons could play a crucial role in disentangling CP 
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violation effects originating from NP. LHCb is an experiment characterized 
by a flexible and robust trigger system, sensitive to many b decays, in- 
cluding those with no lepton in the final state. It has a RICH system that 
allows a clean 1/K separation over a wide momentum range, and a powerful 
vertex detector providing excellent decay-time resolution. LHCb can nicely 
complement the direct search of NP performed by ATLAS and CMS. 
If, as we all hope, NP phenomena will be observed directly by ATLAS 
and CMS, LHCb will become essential for elucidating the dynamics of such 
phenomena by looking for signals of virtual effects in flavour-changing and 
CP-violating processes. 
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Chapter 17 


The LHC and the Universe at Large 


Pierre Binétruy 
APC*, Université Paris-Diderot, Bâtiment Condorcet, 
10, rue Alice Domont et Léonie Duquet 
F-75205 Paris Cedex 18, France 


I discuss here some of the deeper connections between the physics studied 
at the LHC (electroweak phase transition, physics beyond the Standard 
Model, extra dimensions) and some of the most important issues in the 
field of particle astrophysics and cosmology (dark matter, primordial 
gravitational waves, black holes, ...). 


17.1. Introduction 


The Standard Model, which we hope to fully probe with the long awaited 
discovery of the Higgs particle at the LHC, not only provides a complete 
theory of microscopic physics. It serves also as a basis for a complete pic- 
ture of the Universe: as one goes back in time towards the big bang, the 
symmetries which rule the submicroscopic world (electroweak symmetry, 
supersymmetry, grand unification,...) become apparent, towards an ulti- 
mate unification of all interactions, probably described by a string theory. 
Needless to say that this scenario may be disproved or modified at each 
stage of its experimental verification, the first one being provided by LHC. 
It remains true that, until now, such a global scheme has been comforted 
by several decisive observations: the best illustration is provided by the 
inflation scenario, first devised in the context of grand unification, which 
has successfully predicted that our space is flat, i.e. that the energy density 
in the universe is the critical energy density pe ~ 10~7° kg.m~?. 

Putting to test this general picture is particularly exciting at a time 
where, on one hand, LHC will confirm or infirm the Standard Model and, 
*Université Paris Diderot, CNRS/IN2P3, CEA/DSM, Observatoire de Paris. 
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on the other hand, one expects decisive results from cosmology and particle 
astrophysics observations in the next decade. It is this rich interplay that 
I will try to explore in what follows, by taking some specific examples such 
as dark matter, gravitational waves, and extra spatial dimensions. 

The discovery of the Higgs particle at the LHC would be the first 
observation of a fundamental scalar particle. Besides providing a spec- 
tacular confirmation of the Standard Model, it would have far reaching 
consequences for the physics of the early universe. Indeed, scalar fields are 
to this date the best remedy to cure some of the most fundamental cosmo- 
logical problems. For example, most models of inflation (proposed to cure 
the flatness, horizon and monopole problems) involve one or more scalar 
fields. Similarly, dark energy (invoked to understand the recent acceleration 
of the expansion of the universe) is often attributed to a scalar component. 
And models with extra spatial dimensions have a dynamics where the size 
of the compact dimensions is the value of a scalar field (a modulus). 

One of the reason for invoking scalar fields in a cosmological context is 
that scalars tend to resist to gravitational clustering. More quantitatively, 
the speed of sound 


2 = ôp/őp (17.1) 


measures how the pressure p of the field resists gravitational clustering. In 
the generic case of a scalar field evolving in its potential, c, is of the order 
of the speed of light c. Thus, scalar fields easily provide candidates for a 
very diffuse background. 


17.2. The Dark Side of LHC 


What can the LHC tell us about the dark components of the Universe, 
which represent 95% of the energy content of the Universe? 

There is little, if any, hope to detect directly dark energy at LHC or 
any future collider: in the example of quintessence, the scalar field which 
constitutes dark matter is extremely light (its mass is provided by the 
Hubble constant Ho, see for example [2], which is 1073? eV) and must 
have sub-gravitational strength couplings to ordinary matter; otherwise, its 
exchangewould generate a new long range force. On the other hand, since 
dark energy is leading the recent cosmological evolution of the Universe, it 
may have some indirect consequences on the way we may interpret from 
cosmological point of view some of results of LHC. We will return to this 
point at the end of this section. 
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The situation is quite different for dark matter. It is well-known that 
models of particle physics provide candidates for dark matter, under the 
form of a Weakly Interacting Massive Particle (WIMP). The best known is 
the neutralino of supersymmetric models. There is in fact a deep connection 
between the question of the naturalness of the electroweak scale and the 
presence of a WIMP in a theory. 

Let us start by recalling what is the naturalness problem (see for exam- 
ple the contribution of G. Giudice in this volume [1]). As is well-known, the 
Higgs squared mass m? receives quadratically divergent corrections. In the 
context of an effective theory valid up to a cut-off scale A where a more fun- 
damental theory takes over, A is the mass of the heavy degrees of freedom 
of the fundamental theory. Their contribution in loops, quadratic in their 
mass, destabilizes the Higgs mass and thus the electroweak scale (m? ~ Av? 
where À is the scalar self-coupling and v ~ 1/(G,,V2)'/? ~ 250 GeV is the 
Higgs vacuum expectation value. More precisely, we have at one loop 

3M x2 6M% +3M5 2 3m; 

Imu t 812v? I grv? 
where for completeness we have assumed different cut-offs for the top loops 
(Az), the gauge loops (Ag) and the scalar loops (A}) [3]. The naturalness 
condition states that the order of magnitude of the Higgs mass is not desta- 
bilized by the radiative corrections i.e. |6m?| < m7. This translates into 
the conditions: 


ôm? = Nes (17.2) 


2 
M > 4/= Zm ~ 3.5m, (17.3) 
3 Mt 
2/2 
A, > NITE pei, i (17.4) 
6M2 + 3M2 
2/2 
EE ees (17.5) 


v3 


Thus one should introduce new physics at a scale A; or raise mp to the 
400 GeV range (in which case we have a theory that makes sense only up 
to the scale Ap). We will illustrate our argument with three examples: 
supersymmetry, extra dimensions, and the inert doublet model recently 
proposed by Barbieri, Hall and Rychkov [3]. In the first two cases, one 
introduces new physics at the scale A; (supersymmetric particles or Kaluza- 
Klein modes). In the latter case, one introduces a second Higgs doublet Hə 
which is not coupled to fermions (through a symmetry Hə — —Hp2): this 
allows to raise the ordinary Higgs mass to the 400 GeV level. 
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Typically, these models require the presence of a symmetry that pre- 
vents direct coupling between the Standard Model (SM) fermions and the 
new fields that one has introduced: otherwise, such couplings introduce 
new mixing patterns incompatible with what is observed in flavor mixings 
(compatible with the Standard Model). This symmetry is usually a parity 
(i.e. a discrete symmetry) which is the low energy remnant of a continu- 
ous symmetry which operates at the level of the underlying fundamental 
theory: SM fermions are even under this parity whereas the new fields are 
odd. Among these new fields, the lightest odd-parity particle (we will refer 
to it as the LOP) is stable: it cannot decay into SM fermions because of 
the parity; it cannot decay into the new fields because it is the lightest. It 
is massive and weakly interacting. It thus provides an adequate candidate 
for a WIMP. 

Let us take our examples in turn. In the case of supersymmetry, the 
parity operation is R-parity (which usually proceeds from a continuous R- 
symmetry broken by gaugino masses i.e. supersymmetry breaking). And 
the LOP is the Lightest Supersymmetric Particle, the famous LSP, the 
lightest neutralino in the simplest models. 

In the case of extra dimensions, say a 5-dimensional model, the local 
symmetry is 5-dimensional Lorentz invariance. It ensures conservation of 
the Kaluza-Klein levels: if A(™ is the nth Kaluza-Klein mode of the mass- 
less 5-dimensional field A (in other words, the 4-dimensional field with mass 
m = n/R, where R is the radius of the 5th dimension), then in the reaction 
AM + B®) = CM + DO, we have n+p =q+r. At energies smaller 
than R~', this turns into a Kaluza-Klein parity (—1)”. The LOP is then 
the lightest Kaluza-Klein mode, usually B®, the first mode of the U(1)y 
gauge boson [4]. 

In the final example of the inert doublet model [3], the parity operation 
is Hə > —Hb, the new fields are the inert scalars i.e. the components of 
this Hə doublet and the LOP is the lightest inert scalar. 

In all cases, one may compute the relic density (see for example [2]) in 
terms of the average annihilation cross-section times velocity (Cann): 


10° GeV" a 


————_——_ —— 17.6 
g1 2M, foxy? ( ) 


NLorhg ~ 
where g* is the number of degrees of freedom at the time of decoupling, 
xf ~ 25. Since the LOP mass is of the order of the electroweak mass M pw, 


we have (Gannv) ~ Gag) Me and thus Quophé is of order 107! to 1 to be 
compared with the WMAP result: Qpmhé = 0.1099 + 0.00062 [12]. 
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In realistic models, there is often the possibility that other odd-parity 
fields are almost degenerate in mass with the LOP. This leads to the pos- 
sibility of co-annihilations, that is annihilations of the LOP against these 
almost degenerate fields. This leads to a modification of the relic density in 
the corresponding region of parameter space (a decrease in the supersym- 
metric case, an increase in the Kaluza-Klein case, as illustrated in Fig. 17.1). 
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Fig. 17.1. Prediction for Q,,(1)h2. The solid line is the case for B®) alone, and the 


dashed and dotted lines correspond to the case in which there are one (three) flavors of 
nearly degenerate ef), There are several curves associated with various values of the 


mass difference between the eQ) and B® [4]. 


The search at LHC is based on the missing energy signal corresponding 
to the LOP (see top panel of Fig. 17.2). Since LOP are produced in pairs, 
they are difficult to reconstruct in all generality [7]. But, in the case of a 
specific model, one may be able to reconstruct the mass of the LSP as well as 
the relic density, as shown on Fig. 17.3 for the case of supersymmetry [8]. In 
parallel, one may search for the LOP through direct detection (see bottom 
panel of Fig. 17.2). 

If a possible candidate for dark matter is detected at the LHC, we will 
find ourselves in an interesting situation because we have at least two other 
sources of information: 

e Direct detection of particles forming the halo: the next generation of ex- 
periments will provide a senstivity allowing to probe regions of parameter 
space similar to the one made accessible by the LHC (for example in the 
case of supersymmetry). 
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Fig. 17.2. (Top) Contours in a parameter space of supersymmetry models for the dis- 
covery of the missing energy plus jets signature of new physics by the ATLAS experiment 
at the LHC. The three sets of contours correspond to levels of integrated luminosity at 
the LHC (in fb—1), contours of constant squark mass, and contours of constant gluino 
mass [5]. (Bottom) Sensitivities of some running and planned direct detection dark 
matter experiments to the spin-independent elastic scattering cross-section. Full curves 
correspond to limits from existing experiments, dashed curves to predicted sensitivities 
of future experiments. The full dark (red) region corresponds to the 3 ø allowed region 
from the DAMA experiment. The full light regions correspond to predictions in the 
light of WMAP data. The crosses correspond to neutralino masses and cross-sections 
predicted for post-LEP benchmark CMSSM models [6]. 
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Fig. 17.3. Distribution of the predicted relic density Qh? for the SPA benchmark 
model incorporating the experimental errors (the uncertainty on the position of the TT 
edge is assumed to be 5 GeV) [8]. 


e the rather precise knowledge of dark matter energy density provided by 
cosmology [12]: Qpmh = 0.1099 + 0.00062 


I have not included in this list indirect detection of dark matter. Obser- 
vations in the recent past have shown that it is difficult to disentangle 
production of particles through dark matter annihilation from production 
from standard (or non-standard) astrophysical sources. One may cite the 
observation by INTEGRAL of an intense 511 keV line in the galactic bulge 
which implies the annihilation of some 10° positrons per second. Such a 
large production of positrons seemed difficult to account for with standard 
astrophysical sources. A possible alternative is the annihilation of a new 
form of light scalar dark matter [9]. Also, an excess found by EGRET in the 
galactic diffuse gamma ray flux [10] has been interpreted as resulting from 
dark matter annihilation, more specifically in a supersymmetric context, 
the annihilation of neutralinos in the 50 to 100 GeV mass range [11]. 

Let us now for illustration consider the case where a WIMP candidate 
x of mass my is found at LHC, and direct detection identifies a WIMP 
candidate 7 of mass m, (possibly identical to x, in which case obviously 
Mn = My. The detailed study of x interactions may LHC may provide 
an order of magnitude of its annihilation cross-section*® and thus, through 


*Not more than an order of magnitude since not all channels may be identified. In 
the supersymmetric case, one may think of identifying the LSP content (in terms of 
Higgsinos and gauginos) but this will be difficult in ageneric case. I thank Leonardo Sala 
for detailed discussions of this issue. 


330 P. Binétruy 


Table 17.1. The most probable solutions to the identity of the dark 
matter based on outcomes at the LHC and direct searches. 


Qy < QpM Qx ~ ADM Qy > RDM 
My < Mn Several DM Why no direct 
components detection of x? Late inflation 
(X ny) 
My ~ Mny | Non-standard Standard case 
cosmology X= Late inflation 
(kination?) is dark matter 
My > Mny x decays x and n DM x decays 
invisibly components but invisibly 
(compute Q,) | (CannV}n > (Cannv}y | (compute Qn) 


(17.6), of the corresponding relic density Qy. We might find ourselves in 
the following situations: 


e within experimental errors, my is larger, equal or smaller than mg, 
e Q, is much larger, much smaller or of the same order of magnitude as 
the observed Qpm. 


Table 17.1 summarizes the most probable solutions for each of the possible 
cases. 

We may illustrate the discussion for the case my ~ My and Qy < 
Qpm. Most probably, x and 7 are identical and form the dark matter. It 
remains to explain why the relic density computed using (17.6) does not 
coincide with the observed value Qpm. The most plausible explanation is 
that the cosmological evolution at the dark matter freeze-out transition is 
non-standard. For example, if a quintessence field is the source of dark 
energy, it could be that, at freeze-out, we are in a phase dominated by the 
kinetic energy of the quintessence field (which decreases with the cosmic 
scale factor a(t) as a~®, thus becoming rapidly subdominant with respect to 
radiation which scales as a~*). This tends to increase the estimation of the 
dark matter density Qy [14], possibly by several orders of magnitude [13]. 


17.3. The Gravitational Side of LHC 


If the LHC is associated with tests of the three fundamental gauge inter- 
actions, its association with the gravitational interaction is not immediate. 
There are however remarkable connections. I will discuss two: how the 
space interferometer LISA may probe the electroweak phase transition and 
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more generally may provide an investigation of the terascale region tru- 
ely complementary to LHC; how the LHC may probe the formation and 
evaporation of black holes. 


17.3.1. Phase transitions at the terascale: 
the LHC-LISA connection 


The energy reach of the LHC is perfectly suited to study the breaking of 
the electroweak symmetry and, in all probability, to discover the Higgs 
particle. We should know by the beginning of the next decade the details 
of the electroweak symmetry breaking sector, and whether it is described 
by the Standard Model or by a more complex theory. 

There is a corresponding phase transition in the evolution of the Uni- 
verse at T ~ 100 GeV. How could we observe it? Direct observation using 
photons is hopeless: the Universe was opaque until recombination, which 
happened much later (T ~ 0.26 eV). The Universe on the other hand is 
“transparent” to gravitons. As we will now see, it turns out that gravitons 
produced at the electroweak phase transition fall precisely in the LISA fre- 
quency window. Hence, LISA may provide the way to study the details of 
the electroweak phase transition. 

LISA is a space interferometer designed to detect gravitational waves 
in the frequency window [10~*, 1071] Hz. It will allow to study black holes 
with high precision. It will observe how massive black holes form and in- 
teract over the entire history of galaxy formation. It will also record the 
inspirals and mergers of binary black holes and allow precision measure- 
ments of these systems. And it will study in detail thousands of compact 
binary stars, which provides a new window into reconstructing the history 
of stars in our galaxy. 

The case for LISA as an observer for cosmology has become stronger 
in recent years. As we will see in what follows, this rests on the fact that 
LISA provides a unique way to test theories in the Terascale region. 

Gravitational waves provide an ideal means to study the primordial 
universe because they are a fossile radiation: gravitons decoupled very early 
from the thermal evolution of the Universe. 

If gravitons were in thermal equilibrium, their spectrum would be, just 
as photons, a blackbody spectrum (at a slightly different temperature [15]: 
T ~ 0.91 K). One easily checks however that they cannot be thermally 
coupled beyond the Planck era. Indeed, their interaction rate scales like G? 
and is thus on dimensional grounds T ~ G? T5 ~ T5/m2. This should be 
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compared with the expansion rate H ~ T?/m.,, (in the radiation-dominated 
era). Thus 
T T? 


=~ 17.7 
oe (17.7) 
Thus gravitons are decoupled from the thermal evolution (T < H) past the 
Planck era. 

Gravitons produced at a later stage, say at temperature T,, will not 
evolve, except for their frequency being redshifted by the expansion of the 
Universe: if it is f, at Tẹ (cosmic scale factor ax), it is observed presently 
(To = 2.7 K, a = ao) at f where f/f. = ax/ao ~ To/T.. More precisely, 
assuming that the original wavelength A, is a fraction € of the horizon 
length (A. = eH}! or fa = H./e), we have [16] 


1 Te gx \1/6 
= 1.65 1077 Hz - 17. 
rae tees (; a 0) ne) 


where g, is the effective number of degrees of freedom. We see that Tẹ ~ 
1 TeV with gą ~ 100 and e ~ 1 yields f ~ 1 mHz, right in the LISA 
frequency window. Hence LISA is the ideal gravitational detector to probe 
the terascale region, and in particular the electroweak phase transition. 

The next question is thus the production of gravitons in a phase tran- 
sition. If the phase transition is second order, it is smooth and there is 
basically no production of energy in the form of gravitational waves. On 
the other hand, a first order phase transition proceeds through the nu- 
cleation of true vaccum bubbles inside the false vacuum. The collision of 
bubbles and the turbulent motion that it causes lead to the production of 
gravitational waves. 

The two relevant parameters to discuss this production are (i) the ratio 
a of energy density available in the false vacuum to the radiation energy 
density at transition, (ii) the time variation beta of the bubble nucleation 
rate (3~' measures the duration of the phase transition). Detection of the 
gravitons produced requires a phase transition which is strongly first order 
(a > 1) and long enough (87t > 10-3H~*). 

Let us now review the possible phase transitions in the Terascale re- 
gion. We start with the electroweak phase transition. In the context of 
the Standard Model, the constraint that my > 72 GeV tells us that the 
transition is not first order. In the MSSM, it requires a light stop, which 
is almost ruled out. It is however possible to recover a strong first order 
phase transition by including non-renormalizable terms of order H® in the 
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Higgs potential [17] (such terms appear in effective theories and may be 
significant if the scale of the underlying theory is just above the TeV scale) 
or by going to non-minimal supersymmetric models (such as the nearly 
Minimal Supersymmetric Standard Model or nMSSM [18]). If it is found 
out at LHC that the phase transition is indeed first order, then LISA would 
provide a remarkable complementary means of testing the phase transition 
with gravitational waves! 

Even if the electroweak phase transition is not first order, we know that 
the phase transition associated with baryogenesis must be so: one of the 
Sakharov conditions for baryon number generation is to be out of equilib- 
rium, which favors first order phase transitions over second order ones. The 
corresponding frequency at which one expects gravitational waves depends 
mainly on the scale at which the corresponding phase transition occurs, as 
can be seen from (17.8). 

In fact, LISA reach is even higher than LHC and one may expect to 
probe phase transitions in the 10 TeV range. An example is provided by 
the Randall Sundrum I model [19], where the phase transition is thought 
to be strongly first order [20]. This phase transition can be probed for 
Kaluza-Klein scales as large as a few tens of TeV [21]. 


17.3.2. Black hole physics and the LHC 


The proposal that there exists some large extra special dimensions allows to 
consider the (remote) possibility to produce mini black holes at LHC, thus 
giving a unique possibility to study the physics of black holes (production, 
Hawking radiation,...). We recall that, in theories with n extra spatial 
dimensions of same radius R (to simplify), the 4-dimensional Planck mass 
(G, = m7?) is given in terms of the more fundamental (D = 4 + n)- 
dimensional gravitational constant (G, = M aa ) as 


m? = M? R” . (17.9) 


Taking R large enough allows to decrease M,, to the TeV range. This 
usually occurs for values of R which have been probed by non-gravitational 
interactions at colliders. Since the search for extra dimensions at high 
energy colliders has been negative, this means that, if they exist, these extra 
dimensions should only be probed by gravitational interactions.” It turns 
out that string theory provides models of spacetime where non-gravitational 
>The law of gravitational attraction (in r7? as is characteristic of 3 space dimensions) 
has been probed only down to the mm to um range. 
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interactions are localized on dynamical surfaces known as p-branes (p stands 
for the number of space dimensions of the brane). In the case of a 3-brane, 
the non-gravitational interactions are localized in the 3-dimensional space 
of the brane; only gravitational interactions probe the extra dimensions. 

In the case where Mp is in the TeV range, we are in the lucky situa- 
tion where LHC is going to experimentally probe the gravitational realm. 
This means quite a dramatic departure from Standard phenomenology. In 
particular, collisions may lead to a such a localization of energy that black 
holes are formed [22, 23], just as in the primordial universe where energy 
fluctuations generate primordial black holes®. More precisely, the relevant 
scale for a collision at energy E >> M, is the Schwarzschild radius: 


1 E 1/l+n 


D 
A black hole forms in the collision if the impact parameter is smaller than 
rg. A lower bound for the mass Mpy is typically 0.7E. The cross section 
(at the parton level) is 


o=nrrh. (17.11) 


The semi-classical approximation used to derive the formulas above is valid 
for a minimal black hole mass (Mpy) 
5 and M, = 1 TeV, the minimum parton energy E is around 7 TeV. 


Corresponding cross-sections are in the 10° fb range [24]: one black hole 
S2] 


= LminM,. Taking tmin = 


min 


produced every minute for a nominal LHC luminosity of 1034 cm~?.s 
Just as primordial black holes eventually disappear because of Hawking 
evaporation, the black holes produced evaporate rapidly. Hawking radiation 
is characterized by the temperature: 
n+1 


~ Arrg ` 


TH (17.12) 


The energy loss scales like dE /dt « T ae Thus the black hole lifetime is 
typically 


1 Mon 3+n/1+n 
ine . 17.1 
ron ~ a (Ar) (17.13) 


D D 
Black holes decay visibly to SM particles with: (i) a large multiplicity 
(N ~ Mpu/(2Tg)), (ii) a large total transverse energy, (iii) a characteristic 
ratio of hadronic to leptonic activity of 5 : 1. 


€ As originally studied by Penrose in the case of vanishing impact parameter, the collision 
forms a closed trapped surface which, according to the area theorem of general relativity, 
corresponds to the formation of a black hole. 
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For what concerns us here, there is a complementarity of searches at 
colliders (LHC) and in high energy cosmic rays. In the Pierre Auger Ob- 
servatory, one is precisely looking for the highest energy cosmic rays. It 
is thus of interest to try to search for signals of black hole production. 
More precisely, in order to overcome the QCD background, one is looking 
for such a production by high energy neutrinos (found more frequently in 
horizontal showers since those are the ones that travel through more atmo- 
sphere). Fig. 17.4 gives, for n = 6 extra dimensions, the discovery reach 
for the LHC in the plane (M,,,%min), to be compared with the region of 
parameter space excluded at 95% C.L. if no neutrino shower induced by 
black holes is observed at Pierre Auger observatory in 5 years. 


X 


min 


Fig. 17.4. Comparison of the regions covered by LHC (with respective integrated lu- 
minosities 1000, 100 and 10 fb~') and the Pierre Auger Observatory in 5 years in the 
plane (Mp, £min) [25]. 


17.4. Conclusion 
The experimental checklist of the decade 2008-2017 might read as such: 


light Higgs, heavy Higgs or no Higgs observed, 

observation or absence of supersymmetric partners, 

observation or absence of Kaluza-Klein modes, of microscopic black holes, 
direct detection of WIMPs, or limit on its mass; indirect signal of WIMP 
annihilation or no clear signal; detection of other kinds of dark matter; 
astrophysical observations pointing towards another solution of the dark 
matter problem (MOND, ...), 
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e detection or not of a gravitational background in CMB experiments; 
detection or not of a stochastic background of primordial gravitational 
waves at space or ground interferometers, 

e cosmological observation of some dynamical behaviour of dark energy or 
consistency of all observations with a cosmological constant, 


and so on. There exists a standard scenario which has been alluded to in the 
introduction (supersymmetric version of the SM as a low energy effective 
theory of a string/brane theory valid at the Planck scale). In this scenario, 
one expects a light Higgs, supersymmetric partners, no low energy Kaluza- 
Klein modes; one is likely to detect a WIMP, directly and indirectly, but no 
background of gravitational waves. With such a variety of data expected, 
there are however many ways to deviate from such a scenario. This is why 
the decade that we are entering is an exciting time for the fields of particle 
and astroparticle physics and cosmology, LHC being the lead actor in the 
play that is about to begin. 
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